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ABSTRACT

To precisely control the position of multiple cell types in a culture for the
study of cell-cell contact interactions, we have developed a laser micropatterning
technique. The technique employs the optical forces of a weakly focused laser
beam. In the beam’s focal region, the optical force draws microparticles, such as
cells, into the center of the beam, propels them along the beam axis, and guides
them onto a target surface. Specific patterns are created through computercontrolled micromanipulation of the substrate relative to the laser.
In this thesis, we systematically vary the controllable laser parameters,
namely, wavelength, intensity, and exposure time of the laser on single cells to
clearly establish laser parameters that allow negligible cell damage with
significant cellular position control. To accomplish this goal, embryonic day 7
(E7) chick forebrains neurons were cultured with control and test cells selected
one hour after seeding to allow attachment, at which time test cells were subjected
to the laser. Cells were imaged at 4, 12, 24, and 36 hours after laser exposure to
evaluate viability and functionality by using the Live/Dead Viability Cytotoxicity
Kit (Molecular Probes L3224) and measuring neurite outgrowth, respectively. We
have modified the COMET (single-cell gel electrophoresis) assay to quantify
DNA damage on individual patterned cells and, thus, more extensively explore
possible cell damage. For all parameters tested, our results show that there is no
significant effect of laser exposure on cell viability or neurite outgrowth.
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CHAPTER ONE
INTRODUCTION

Biological study has stepped through a series of stages in trying to understand
and repair the human body. This progression of study has generated a pathway
that has led researchers into a downward spiral of parametric study size as
advances in technology have led from large-scale models of muscles and tissue to
minute models of cells and genetics/proteomics. A broader understanding of
intercellular interactions could be applied to create effective solutions for nervous
tissue damage, such as, strokes and spinal cord injuries through development of
improved prosthetic devices and tissue replacements. Cell culture supplies the
perspective needed to see the “big picture” of intercellular communication
without the complexities of extracellular matrix and multiple cell types. However,
traditional cell culture yields a random distribution of cells on a surface. While it
is useful to observe the reactions of a group of cells, it is difficult (if not
impossible) to separate the contributions of individual cells from the reactions of
the monolayer of cells generated by traditional cell culture. It has been shown that
precise control of cell position in a culture could be achieved by using laser
micropatterning to place cells onto a surface. [1] Laser micropatterning employs a
weakly focused laser beam to generate radial and axial forces, which respectively
allow for a cell or particle to be drawn into the beam axis and gently guided
towards a target surface perpendicular to the beam axis. [1, 2]
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Based on the work of Ashkin and Odde, many questions have arisen as to the
limitations of laser guidance for cell positioning in terms of effects on cell
viability. To determine the effects of laser guidance on cell patterning, studies
have been conducted using diverse cell types on the three main controllable
parameters of the laser guidance system, namely, wavelength, intensity, and
exposure time using either continuous or pulsed lasers. Through these studies,
damage has been evaluated for wavelengths varying from 248 nm to 2940 nm
with work around 810 nm suggesting no damage at the cellular level. [3-13]
Similar results were obtained when investigating photodamage experienced by
Escherichia coli such that minimal photodamage was found at 830nm. [11]
Intensity studies have been motivated by a variety of applications from tissue
ablation for destruction of tissue for creation of tissue channels to
micromanipulation of cells. [3-13] Due to the varying applications, laser
intensities have ranged from 0.2 mW to 20 W. Intensities of 5 W and greater have
been shown to be destructive to tissue.[10] Laser intensities from 0.2 mW to 500
mW have been observed from such a variety of wavelengths that it is difficult to
compare laser power effects on cells at a specific wavelength region, much less at
the region around 810 to 830 nm. Similarly, experimental exposure times have
varied from 8 ns to 2 hours with varying intensities and wavelengths, which
generates a greater gap in understanding the effects of laser micropatterning on
cells.
To reduce this gap, our investigation systematically varied laser intensity and
exposure time while using a constant wavelength of 800 nm. The wavelength of
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800 nm was selected to reduce photothermal effects due to absorbance of heat of
bubble formation from higher and lower wavelengths respectively. Laser
micropatterning employs a minimal intensity of approximately 100 mW for
exposures between 10 and 60 s. Correspondingly, laser intensities of 100, 200,
and 300 mW have been applied for 10 and 60 s per parameter to investigate the
mechanical effects of laser guidance on cells. Evaluation of damage for the laser
parameters has been conducted using indicators, such as: heat shock assessment,
live/dead status, photothermal effects, ATP presence, DNA content, and
functionality. [3-6, 8-18] This investigation has employed live/dead status, neurite
outgrowth, and DNA damage to investigate laser damage. The live/dead status
was selected based on the commonality and clear ability to assess cell mortality.
In an effort to see effects less obvious, neurite outgrowth was viewed as an
essential key to functional assessment. Additionally, DNA damage was studied in
an effort to determine if injury was sustained but did not directly affect mortality
and neurite outgrowth.
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CHAPTER TWO
BACKGROUND AND LITERATURE REVIEW
Cell Patterning Methods
To gain a better understanding of in vivo cell interactions, it is desirable to
form in vitro models of cellular assemblies. In the most basic sense, this means
observations of interactions between individual cells. Although it is understood
that more factors effect individual cells that a single cell interaction, creation of a
simplified system for study is a first step in understanding intercellular
interactions. It is desirable to be able to effectively study interactions between cell
types, such as, myocytes with stem cells or fibroblasts and neurons with glia. In
order to observe these and other single cell interactions, it is necessary to be able
to control the locations of cells in a culture to create desired patterns. This
understanding has specific application in the realm of nervous tissue. Since
damage to a single cell within a nervous connection can require significant time
for a nerve to be rerouted, it is desirable to better understand the interactions of
nerve cells to enable an effective means of nerve cell replacement to initiate or
improve the speed of recovery from nervous tissue damage. In an effort to control
locations of cells within a culture, a number of cell manipulation techniques have
been developed, namely, surface patterning, inkjet printing, dielectrophoretic
traps, laser tweezers, and laser micropatterning.

6
Surface Patterning
Surface patterning employs photolithographic techniques to transfer geometric
patterns onto a substrate via optics. [19] This allows a surface to be physically of
chemically modified to either promote or prevent cell adhesion. To create the
pattern photoresist (a liquid film) is coated onto a clean silicon wafer and exposed
to UV light that hardens or softens the resist (according to the type of resist used)
to create a pattern called a mask. The mask and wafer complete a proceess of
baking and exposure steps that clear excess material and harden the mask. Mold
fabrication can be completed using microcontact printing or microfluidic
patterning.
Microcontact printing is a specialized form on surface patterning that involves
contact of a patterned stamp with a substrate to transfer biological materials
(typically proteins) from the stamp to the substrate. The stamped “inks” are called
self-assembled monolayers (SAMs), and are liquid forms of ordered, densely
packed molecules. SAMs allow layers of cells to be attached to the surface in a
stamp specified pattern. [19]
Microfluidic patterning results in microchannel formation through the contact
of a substrate and a PDMS structure. The channels carry fluid to areas on the
substrate and allow laminar flow for patterning cells and cellular environments.
[19] The microfluidic channels are used to capture cells using the PDMS stamp to
localize cells to specific regions. On a small scale, a stamp is placed on a small
substrate region, left in position until the substrate is cleaned, and peeled from the
substrate leaving a microstructure capable of cellular support. [20] Therefore,
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microfludics allow a gradient of proteins to be applied to a substrate for cell
attachment. The advantage to microfluidic patterning is that a cell gradient may
be achieved as compared to specific cell binding sites of microcontact
printing.flowed over the patterned surface. As a result, neither method allows
patterning of single cells onto a substrate or positioning of cells in a specific
location.

Inkjet Printing
Inkjet printing was developed in the middle of the 20th century and was
applied to typewriter systems. In the 1980’s, inkjet technology was applied to
printers. This move resulted in replacement of the dominant dot matrix printers by
inkjet printers. The technology enables non-impact printing of microliters of ink
onto a surface via nozzles. The inkjet head using a motor assembly to horizontally
apply ink in strips and to step vertically to continue printing the image down the
page. [21]
In 2002, Boland et al. reported modification of an inkjet printer to print self
assembled monolayers (SAMS) and protein arrays. The first modification allowed
protein layers to be printed onto a solid surface with a thickness of less than two
inches. Alterations involved reconstruction of the body of the printer while using
the print head, logic board, and controller. Additionally, gears, electronics, and
software were modified to allow appropriate motion for the new printer form. A
second printer adaptation involved adaptation for printing to a microscope slide
sized surface (2.5 x 1”). This change removed rollers and some springs to allow
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the inflexible surface to pass through the printer. To allow monolayer and protein
printing, software changes were necessary to adjust voltages applied to the
nozzles for different fluid viscosities and cartridges were cleaned thoroughly
before adding the modified medias for printing. [22]
After successful printing of monolayers and proteins, adjustments were
performed to enable construction of protein based three-dimensional cellular
scaffolds. Using CAD software, multilayer scaffolds were designed and printed
one layer at a time. Cells were seeded onto the surface and formed confluent
patterns. [23]
The next accomplishment of inkjet printing was to successfully print
mammalian cells onto a surface. An initial step involved generation “biopaper”
composed of soy agar gel or collagen gel and coated onto a microscope slide.
Chinese hamster ovary (CHO) cells in PBS solution were loaded into a sterilized
printer cartridge and cells were printed in a desired pattern onto the biopaper.
After printing, cells were incubated with media and monitored for 25 days.
Analysis of LDH content (an enzyme release upon cell lysis) revealed that 90% of
the cells were viable for the monitored time and that only 2.3% of the cells were
lysed during the printing process. [24]
To confirm cells retained normal functionality post printing, neurons were
printed in single layers and tested for functionality by immunostaining and patch
clamping to observe membrane resistance, capacitance, sodium currents, and
potassium currents. Neurons were also printed in multiple layers and DAPI stain
was used to evaluate living nuclei. Results from the single layer of printed
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neurons showed immunostains positive for cell bodies, axons and dendrites. Patch
clamping of the single layer of neurons suggested that the neurons had normal
electrophysiologic responses. The multiple layers of cells exhibited many living
nuclei. [25]
The result from inkjet printing of proteins, cells, and layers of cells retaining
both viability and functionality indicate that the technique is an inexpensive,
effective means to create viable cell patterns. However, in terms of cell-cell
interactions, inkjet printing is not practical since the inkjet is not capable of
printing a single cell at a time but rather a stream of cells. Further, the resolution
(85 µm) [25] is not precise enough on the scale of cells a few microns in size to
be applicable for studying individually patterned cells in controlled positions.

Dielectrophoretic Traps
Dielectrophoretic tweezers use a voltage across two electrodes attached on the
sides of a glass pulled pipette tip to induce an electromagnetic field capable of
attracting, holding and manipulating cells and microparticles in three dimensions.
Attraction of the cell is accomplished by polarization from the electromagnetic
field. In addition to attraction, release of cells is accomplished by reversal of the
voltage polarity. The pulled glass tip is capable of being controlled in size to
adapt it for varying cell types. The tweezers are connected to a micromanipulator
enabling fine motion and positioning of cells. The voltage passed through cells
can be modified depending on the cell type, such that, only the minimal voltage
required to hold the cell is employed. Dielectrophoretic traps have been shown to
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be capable of moving cells at hundreds of microns per second. For a spherical cell
in laminar flow, the maximum velocity without losing a cell is 0.5 mm per
second. Dielectrophoretic cells have been successfully employed in yeast cell
manipulation. Cells trapped for hours were capable of dividing within the trap
demonstrating a lack of interference of the trap with the normal function of the
cells. [26] This technique has not been tested on other cells types but
demonstrates high potential for studying cell-cell interactions.

Laser Tweezers
Laser tweezers are an optical tool for microparticle and cellular manipulation.
Laser tweezers operate by using a single tightly focused Gaussian laser beam with
gradient force generated by radiation pressure to trap a particle. The force from
the beam radially attracts the particle to the focal point of the beam and the strong
axial gradient allows beam control of the axial stability. This is significant
because it causes the tightly focused laser beam to be restricted to a small trapping
region but allows the beam to move trapped particles within the trap rather than
the particles being pushed out of the trap due to scattering forces and gravity. An
additional result of the tightly focused laser beam’s axial strength is that it is
strong enough to allow the beam to pick particles off a surface and move them up
and down in media. [27] Optical tweezers effectively trap particles between 10-5
and 10 µm. [28] Motion is achieved by placing the sample in a chamber on a
mount connected to an x, y, z stage with micropositioners. [2] A CCD camera
with a microscope objective is used to visualize the trapping procedure with
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normal microscope illumination. Laser tweezers have been demonstrated by
trapping spherical silica particles [27], the Texas mosaic virus [28], E. coli [28],
atoms [29], and particles within cells, such as, organelle [2].

Laser Micropatterning
Laser micropatterning is an optical technique similar to optical tweezers based
on optical guidance. Laser micropatterning employs a weakly focused laser beam
to trap and move particles and cells. The beam radially attracts cells to the
maximum focus point of the beam and axially guides cells onto a desired surface.
Laser micropatterning, also termed laser guided directed writing, is capable of
moving cells and microparticles in a 2-D trap within a plane perpendicular to the
axis of the laser beam for precisely controlled guidance of nearly a centimeter.
[30, 31] Due to the fineness and area of mobility, it is useful to employ hollow
optical fibers within a sealed chamber to effectively deposit cells into the chamber
for laser guidance. In this manner, a stream of cells may be projected into the
chamber or a dilute solution with fine control over cell release can result in the
release of individual cells. [31] The technique has been shown to effectively
pattern microspheres and CHO cells for distances over 6 mm at maximum
velocities of 6 and 5 x 102 µm, respectively. [30] Additionally, primary chick
spinal cord cells were patterned and found to exhibit spreading (for glial cells)
and neurite extensions (for neurons) two days after patterning. [1]
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Differences in Laser System Setup
As previously mentioned, the two most precise methods of cell patterning are
laser tweezers and laser micropatterning. These two setups appear similar but
manipulate objects in differing manners. The key physical difference in the setup
of the systems is in the focus of the laser beam. Optical tweezers employ a high
numerical aperture lens to create a tightly focused laser beam creating a 3D
optical trap that is capable of object manipulation. [32] Contrastingly, a low
numerical aperture lens is used for laser micropatterning. Instead of creating a 3D
trap, laser micropatterning guides cells onto a surface by radially attracting the
cells to the center of the beam and axially directing the cells down to the surface.
[31] This weakly focused laser beam setup should induce less cell stress than laser
tweezers.

Importance of Viability and DNA Evaluation of Laser Micropatterning System
Although cells and particles have been patterned via laser micropatterning and
optical tweezers, damage has been observed under various parameters with laser
tweezers. The key laser parameters that are adjustable are the choice of beam
waist (tightly focused as in optical tweezers and weakly focused as in laser
micropatterning), the wavelength, the intensity, and the time the cells are exposed
to the laser beam. A variety of mechanisms originating from the laser patterning
systems have been suggested as possible damage agents. These include
photothermal damage [3, 4], mechanical stress[33], multiphoton vs. single photon
effects[12, 34], responses due to electromagnetic field stimulation[3], and
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photochemical damage[3]. Previous research into the mechanism has met mixed
results, which either suggest or deny varying possible damage mechanisms for
specific parameters. The main problems with the viability research previously
conducted are that it has dominantly focused on effects of laser tweezers[12, 18,
33-35] and no systematic study has evaluated parameters other than wavelength.

14

Table 2.1. Comparison of Cell Viability Studies Following Optical Exposure
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Further, little is known concerning the extent of the effects of optical cell
manipulation. Therefore, a systematic approach to evaluation of laser effects on
cell viability, functionality, and DNA damage would be a helpful contribution
towards development of optimal laser parameters for cell micropatterning.

Viability Studies and Their Application Toward Optical Traps
While it has been shown that laser micropatterning is successful for creating
patterns of cells, the proof of concept for this newly developed cell manipulation
technique requires viability testing to verify the presence or absence of damage
experienced by cells following laser guidance. Appropriate methods for viability
testing have been considered in terms of the potential mechanisms of laser
guidance cell damage. These mechanisms include photothermal, photochemical,
electromagnetic, and mechanical damage. Although considerable work has
already been completed concerning the effects of laser beams on cells, the effects
of laser guidance have not been studied. Techniques explored by other
investigators should be reviewed, which include: live/dead status, mitochondrial
evaluation, DNA evaluation, heat shock/photothermal testing, oxygen dependent
damage testing, laser scanning cytometry, and functional testing, which are
reviewed as follows.
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Live/Dead Status
Live/Dead cell testing includes the use of a variety of chemicals that bind to
cells to determine if cells are living or dead. The chemicals that have been used
include Trypan Blue, Neutral Red, Annexin V, Propidium Iodide, SYTO 9,
calcein acetomethylester (Calcein AM), and Ethidium Homodimer-1. [5, 7-9, 14,
36-39]
Trypan Blue is a dye that enters cells with a damaged cell membrane
revealing penetrated cells in blue due to dye penetration. [8] Trypan Blue was
used to determine the percentage of cells alive before and after laser-pulsed cell
transfer, which revealed that 98-99% of cells were alive prior to transfer and 8085% of the cells remained intact following transfer. [14] Similarly, Trypan Blue
was used to evaluate cell viability before and after the photothermal technique,
which was developed to study invasive laser-cell interaction based on laser pulse
fluence and wavelength. Since this technique fails to detect minor dye penetration
that occurs immediately following laser damage, cells were checked one minute
following laser pulsing and all cells changing color were considered damaged. [79] The main advantage of using Trypan Blue to assess viability is that it takes a
few minutes to evaluate if cell membranes have been compromised; however, the
test does not reveal a mechanism of damage and if cells are damaged but the
membrane is intact, no damage is detected.
Annexin V-Propidium Iodide has been shown to provide a stain revealing
non-viable and apoptotic cells, while minimal or no stain in viable cells. Annexin
V binds to phosphatidylserine (PS), which is located on the cytoplasm side of the
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cell membrane in viable cells but gets reversed to the outside for apoptotic cells as
a marker for macrophages. Annexin V has been labeled with a fluorophore (e.g.
FITC) or biotin to produce fluorescence when bound to phosphatidylserine and
fluoresces green. Propidium Iodide (PI) binds to nucleic acid within cells and
fluoresces red. Combined annexin V and PI are capable of identifying apoptotic
cells in green and membrane damaged cells in green and red. [40] Laser viability
testing included annexin V to test the photothermal (PT) technique for invasive
laser-cell interaction investigation. The testing was performed as described for
Trypan Blue, both before and after PT experiments. The advantage of Annexin VPropidium Iodide over Trypan Blue is that it revealed apoptotic and dead cells
separately. [9]
Neutral red penetrates cell membranes without inducing death. Instead,
neutral red accumulates in the lysosomes of healthy, viable cells. [41] Due to its
simple implementation (directly applied to living cells for counting), neutral red
serves as a standard for verification of other viability tools, such as, laser scanning
microscopy. [37]
Calcein-AM is a membrane permeable dye that fluoresces green at 485 and
500 nm following hydrolysis due to intracellular esterases. [42, 43] Calcein-AM
has been used alone to evaluate the activity of intracellular esterases by staining
the intracellular cytoplasm. [42] Calcein AM was used to evaluate the effect of
four cytostatic agents (Cisplatin, Docetaxel, Doxorubicin, and Vinblastine) on
three cell types (mamma carcinoma MCF-7, ovarian cancer cell line A2780, and
Adriamycin® resistant ovarian cancer cell line A2780adr) to compare data from
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MTT (3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl-tetrazlium bromide), ATP
(adenosine triphosphate), and calcein assays in three cell lines. It was found that
all three tests gave equivalent correlated results. Further, the comparison produced
statistical justification for comparison of future results between the three assays,
especially for analysis of patient tumor cell sensitivity. [38] Additionally, CalcinAM was used to tag viable retinal pigment epithelium cells following pulsed laser
irradiance to determine threshold radiant exposures for vaporization around
individual melanosomes. [5] Calcein-AM has been coupled with Ethidium
homodimer-1 to create a Live/Dead Viability/Cytotoxicity Assay. Ethidium
homodimer-1 emits red fluorescence (617 nm) after binding to the DNA of cells
with compromised membranes. [44-46] Combined Calcein-AM penetrates the
live cells and fluoresces green, while Ethidium homodimer-1 enters damaged cell
membranes and binds to nucleic acids, revealing damaged and dead cells in red
fluorescence. [44]
Similarly, SYTO 9 is a nucleic acid stain that is green fluorescent is used with
propidium iodide to determine the live/dead status of cells. SYTO 9 labels
bacteria in a sample independent of membrane damage. As previously mentioned,
propidium iodide penetrates cells or bacteria with compromised membranes.
Together, SYTO 9 generates a green fluorescence indicating live bacteria with
intact membranes and propidium iodide produces red fluorescence to illuminate
bacteria with compromised membranes. Armstrong employed the coupled effect
of SYTO 9 and propidium iodide as a standard to prove capillary electrophoresis
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laser-induced fluorescence microfluidic systems were capable of determining cell
viability from single or mixed samples using bacteria and yeast. [36]
From the perspective of evaluating viability of cells following a potential
damage agent, it is most useful to have a dual stain indicator such as Calcein-AM
with Ethidium homodimer-1, SYTO 9 with Propidium Iodide, or Annexin VPropidium Iodide. The dual stains allow a single step to assess multiple
parameters. Since this research was applied to determining viable status of cells, it
was desired to clearly distinguish living cells from cells with damaged
membranes. This stipulation eliminated Annexin V-Propidium Iodide since it
distinguishes between apoptotic and necrotic cells. Since the cells for this project
were intended for nervous research, bacteria will not be purposefully assessed.
Thus, SYTO-9 was not applicable for consideration. Therefore, the ideal selection
for viability assessment was Calcein AM-Ethidium homodimer-1.

Cell Process Evaluation
Aside from stains that colorimetrically evaluate the living status of cells,
methods have been developed that evaluate cellular processes based on specific
cell structures, protein, and other content. Common tests have given results in a
colored form for visualization of the presence of adenosine triphosphate (ATP)
and the presence of formazan product following MTT uptake. These techniques
have been used to demonstrate the capability of a cell culture to continue
necessary processes that are common among all eukaryotic cell types.
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ATP is a nucleotide present in all metabolically active cells that serves as the
principle donor of free energy in biological systems. Since all cells require ATP to
live and perform specialized tasks, ATP monitoring has been applied to evaluate
functional stability. ATP is predominantly located within living cells, with injury
and oxygen/substration depletion causing a rapid decrease in ATP within
cytoplasm. Hence, ATP measurement can provide insight to cell viability. [47]
The ATP assay takes advantage of the luciferin-luciferase reaction for
bioluminescence. [47, 48] The reaction is represented by the following:
Mg
E + LH 2 + ATP ←
→ E ⋅ LH 2 AMP + PPi (1)
2+

→ E + CO2 + AMP + oxyluciferin + light(2)
E ⋅ LH 2 AMP + O2 

[49] Reaction (1) shows the formation of enzyme-bound luciferyl adenylate
(E•LH2AMP) and pyrophosphate (PPi) from ATP, unbound luciferase enzyme
(E), and luciferin (LH2). Additionally, a divalent cation, such as Mg2+, may be
used to reverse reaction (1). Reaction (2) irreversibly reacts the luciferyl
adenylate-enzyme compound with oxygen to produce light. Oxyluciferin acts to
inhibit luminescence in the reaction. [49] This reaction lends itself useful to
viability analysis by making it possible to monitor ATP concentration in
mitochondria and submitochondrial vesicles.
Low concentrations of ATP may be monitored to render inhibitory effects of
the product negligible, while avoiding luciferase inactivation. [47, 50] As a result,
the bioluminescent output is proportional to the concentration of ATP and
changes exclusively due to ATP concentration variations. ATP concentrations ≤ 1
µM allow the reaction conditions to maintain a linear range, allowing ATP
concentration to be measured based on light intensity. Luminescence is measured
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with a spectrophotometer, which yields information concerning the total ATP
concentration of a sample well. [50]
This ATP-bioluminescence has been shown to be a measure of cell
proliferation/cytotoxicity [47] The assay has been applied to monitor the change
in mitochondrial function as reflected by ATP generation levels. [51]
Additionally, the ATP assay has been applied to laser study to observe the
changes in mitochondrial activity in SaOs-2 osteoblasts. Following a 10 s per well
luminescent recording, it was found that the osteoblasts’ mitochondrial activity
was reduced significantly after Er:YAG laser irradiation at intensities of 40, 60,
80 and 100 mJ, 10 Hz, and 2.94 µm. [15]
The MTT assay was developed to serve as a rapid, colorimetric assay to
analyze cellular proliferation and cytotoxicity. Since the goal of the assay was
quick quantitatation of cell viability, it was developed as a colorimetric reaction
analyzable by a spectrophotometer. Tetrazolium salts were used since they remain
colorless until modified by mitochondria to form a colored formazan product.
This process can be performed by living cells but not by media or dead cells. [52,
53] MTT was determined as the most efficient tetrazolium salt for assay. [52]
Data suggest the mechanism for MTT uptake to be endocytosis and that the
resulting blue-magenta colored formazan product is delivered to the cell surface
via exocytosis. [38, 53] The rate of MTT formazan exocytosis varies between
cell types; hence, culture time differences effect the reduction of MTT. [53, 54] In
spite of cell type variation, MTT is a reliable method for evaluating cell viability
since it monitors endocytosis, a basic function of most living cells. [53]
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The MTT assay has been applied to examine laser and laser/photosensor
coupled effects for cytotoxicity in HeLa (cervical carcinoma cell line) and human
hepatocellular carcinoma (HCC) cell lines. [16, 17] HeLa cells were exposed to
continuous wave (CW) and pulsed laser light (10 Hz and 7-9 ns pulse width) both
at a wavelength of 514.5 nm. The MTT assay was applied to assess viability over
time for laser intensities from 1 to 10 J/cm2. The viability of cells irradiated by the
CW laser exposure were not significantly changed over time; however, cells
exposed to the pulsed laser experienced a gradual decrease in viability over the 48
hours of monitoring time. It should be noted that the overall viability of the cells
exposed to the continuous wave laser was lower than that of the pulsed laser. [17]
These findings suggested that damage may be greater due to continuous laser
exposure but it does not appear to continue to affect cells dramatically over time.
In contrast, pulsed laser damage may have longer-term effects on cells.
Interestingly, when the human HCC cells were exposed to photodynamic therapy
using PAD-S31 (a second-generation photosensitizer) and a diode laser using a
wavelength of 670 nm, cell viability was significantly decreased in a time
dependent manner. However, cell exposure to either the PAD-S31 or the 670 nm
laser alone had no effect on viability. [16]

DNA Damage Evaluation
The comet or single cell gel electrophoresis assay is a method of measuring
DNA damage to individual cells. The assay involves embedding potentially
damaged cells in an agarose gel on a slide. The cells are then lysed, set in neutral
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or alkaline electrophoresis buffer (typically alkaline), electrophoresed at 300 mA
and between 0.7 and 1 V/cm2 for 20 to 60 minutes, and then neutralized. The
result is that the cell membranes are broken and washed away in the lysing
process, the remaining DNA is unwound from its supercoiled form in the
electrophoresis buffer, and the unwound broken DNA spreads away from the
nucleoid leaving a head (the nucleoid with undamaged DNA) and a tail (the
broken DNA strands). This observed phenomena resembled celestial comets,
from which the assay acquired its name. The comets are viewed by staining the
gels with a DNA binding dye, commonly propidium iodide or ethidium bromide
and imaging using a rhodamine filter via fluorescence microscopy. [55-58]
Further details of this technique are presented in a later section.
The COMET assay has been applied to studying laser effects on cells
previously. The investigation involved embedding undamaged cells and applying
the laser through the gel to determine the laser’s effect on inflicted cells’ single
strand DNA. The tested parameters were 60 to 240 mW, 10-50 TJ/m2, 30-120 s
irradiation and wavelengths between 308 nm to 1064 nm. The main power
settings were 60 mW and 120 mW for 30 s and 60s each at 750, 760, 780, 800,
and 850 nm. At power leaves below 30 TJ/m2, DNA damage increases with
increasing energy density. Above this level, the damage is saturated at 40% mean
DNA in tail. Damage from 120 mW was significantly lower than that of 240 mW.
As exposure time increased, damage increased but also saturated at 40% mean
DNA in the tail. Wavelength dependent damage is widely variable with minimal
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damage occurring at 800 nm and 1064 nm and maximal damage seen at 760 nm.
(See Figure 2.1) [35]

Figure 2.1. Comparison of Comet Damage Between 750 nm and 1064 nm.[35]

The flaw in this is that focus of the laser would not represent the typical effect of
the laser on cells due to diffraction of the laser beam from the agarose gel. As a
result, the actual DNA damage may be more significant at lower levels that those
indicated by the above study.
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Heat Shock Assessment
Since thermal effects are a potential damage mechanism for cells manipulated
by optical tweezers and traps, a number of methods have been developed to study
this mechanism. These include responses that have affected proteins, reporter
genes that are under transcriptional control of heat shock promoters, and ablation
extent.
Heat shock proteins (hsp) have been observed to be exceptionally responsive
to thermal stress. In particular, hsp70 is found in all life forms and has been
shown to be a molecular chaperone. Molecular chaperones protect proteins in
response to stressful situations. As such, hsp70 makes an ideal choice for
determining thermal stress in cells. To visualize the expression of hsp70, the
promoter sequence of the hsp70 reporter gene can act as a switch to control
transcription pf the bioluminescent reporter luciferase from fireflies. As
previously mentioned, luciferase is a catalyst for luciferin, ATP, Mg2+, and
oxygen to emit light. It has been shown that the addition of luciferin to protein
extracts with Mg2+ and ATP result in maximal intensity of light after only 0.3 s.
This verifies that luciferase tracking correlates with tracking the transcription of
hsp70, making protein tracking an effective tool for determining photothermal
damage. This tool was applied to assess tissue samples irradiated with a pulsed
laser with a wavelength of 2.1 µm, a pulse width of 250 µs, and a frequency of 3
Hz. Activation of hsp70 occurred with a minimum radiation exposure 1.95 J and
total exposure of 6 J/cm2. Further, exposures of 3.09 J and 9.6 J/cm2 resulted in
reduced hsp70 response and cell death. [4]

26
An alternate reporter for evaluating thermal stress response involves the use of
reporter genes under transcriptional control of heat shock promoters. The PC72
strain of Caenorhabditis elegans (C. elegans) has been genetically modified to
carry a reporter gene (E. coli lacZ) that is controlled transcriptionally by a heat
shock promoter, namely hsp16. Activation of lacZ transcription leads to the
generation of β-galactosidase protein (β-gal), which is detected via staining.
Leitz, et al used C. elegans worms to evaluate the effects of 700, 760, 810, and
850 nm continuous wave laser irradiation for exposure times of 30, 60, 120, and
240 s with a laser power of 360 mW. Additionally, at 810 nm, laser powers of
240, 360 and 480 mW were explored at 60, 120, and 240 s. Stress was evaluated
after laser treatment by X-gal, a stain used to indicate expression of βgalactosidease, an enzyme encoded by lacZ. The expression was denoted by an
insoluble blue product found in the pharynx and induced by exposure to heat
shock and the presence of cadmium. [59] The results (See Tables 2.2 and 2.3)
demonstrate that heat shock is maximal for 760 nm and minimal for 810 nm laser
exposures. Additionally, for laser exposures of 360 mW or less intensity and
exposure times of 120 s or less, laser irradiation is not likely to induce heat shock
to cells irradiated at 810 nm. [3]
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Table 2.2. Gene Expression (%) at 360 mW at Varied Exposure Times and
Wavelengths[3]

Table 2.3. Gene Expression (%) at 810 nm at Varied Exposure Times and
Intensities[3]

A third technique evaluated thermal effects using observed ablation effects of
the laser on irradiated tissue. A model of laser tissue damage for the mucous
membrane of the upper human respiratory tract using compact turkey muscle
tissue was developed using scanning electron microscopy. [60] This model (see
Figure 2.2) demonstrates zones for ablation (surgical removal occurring at
temperatures greater than 100°C), carbonization (black charred regions formed by
tissue temperature saturation resulting in electric plasma development at the
surface of ablated tissue), coagulation (demonstrated by white bleached tissue
occurring at temperatures above 65°C), and untreated tissue.
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Figure 2.2 Ablation Crater Sketch Depicting Measurements of
Thermal Tissue Effects[10]

The ablation and coagulation regions were specified mathematically based on
measurements of the width of the ablation zone (aw), the diameter of the total
effected width (tw), the depth of the ablation (ad), and the coagulation zone (cd).
The coagulation width (cow) was found by cow = (tw - aw)/2. The total
destruction depth (td) was found by td = ad + cd. Subjective scales of slight,
moderate, and severe carbonization were used to assess the effects of
carbonization. Four laser systems were tested to observe effects of wavelength
and continuous wave versus pulsed wave irradiation on the tissue: diode-lasers in
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cw mode at wavelengths 830 and 940, an NdLYAG-laser in cw at 1064 nm, and a
pulsed Ho:YAG-laser with wavelength of 2080 nm, repetitions of 3-20 Hz, and a
pulse duration of 250 microseconds. Power settings were 5, 10, 15, and 20 W for
the diode-lasers, and 1 J for the pulsed laser at repetition rates of 5,10, 15, and 20
Hz. Results indicated that the ablation depths, ablation widths, coagulation depths,
and coagulation widths all increased with increasing power. However, these
parameters did not increase with increasing wavelength. The most damaging laser
(with exception to ablation width) was the pulsed Ho:YAG. The Nd:YAG laser
was the least damaging with the diode-lasers generally effecting tissue
increasingly with increased power. The Ho:YAG laser was assessed to be mostly
likely damaging due to the dependency of the absorption characteristics of tissue
on wavelength. For the Ho:YAG’s spectral region, water absorbs the energy
whereas the Nd:YAG and diode-lasers had energy absorbed by both water and
tissue elements. [10] This study reveals the nature of laser effects on dense tissue
and confirms the deeper penetration of pulsed lasers in comparison to continuous
wave lasers.

Photothermal Effects
The photothermal (PT) technique is a method developed to assess
photothermal and bubble damage to cells due to laser irradiation. This laser
specific method uses two lasers: an Nd:YAG pulsed laser with wavelengths of
417, 420, 427, 434, 460, 532, 540 and 555 nm, a 10 nanosecond pulse, a beam
diameter set at 22 µm and energy settings from 0.5 to 300 µJ and an He-Ne probe
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beam with a wavelength of 33 nm, an intensity of 0.2 W and a beam diameter of
18 µm. The probe beam is used to initially hit a cell to collect an output signal
referred to as the baseline signal into an oscilloscope. A 0.1 s delay was followed
by a pulse from the pumped laser, and followed by a second probe pulse with a
delay between 0 and 5000 ns, as desired. The PT image was determined as the
difference between the two probe images and was based on the absorption
contrast, which the pump pulse transformed into a refractive contrast. To
minimize influence of the probe laser on the cell, the intensity was selected to be
much lower than that of the pump beam. The PT responses received were
classified into two groups. A type 1 response featured a sharp front and gradual
tail with positive polarity and was indicative of a heating-cooling process with no
cell damage. A type 2 response demonstrated cell damage and was a practically
symmetrical shape with a negative polarity peak. If a difference was detected
between the two PT signals, the PT response changed from type 1 to type 2, and
an independent traditional viability test like Trypan blue or Annexin V-propidium
iodide (PI) was performed parallel to the PT assay confirming damage, then a cell
was considered damaged. Similarities between theoretical and experimental type
2 PT responses suggest that the response is primarily due to bubble formation.
The amplitude of the type 2 response was too elevated to be temperature induced
indicating a strong refractive index gradient, which can be caused by the presence
of a gaseous area. Studies were performed on three cells types: red blood cells,
peripheral blood lymphocytes, and human leukemia cell line (K562). If greater
than 94% of the cells were viable following pulse exposure, no photodamage was

31
concluded to occur. The laser thresholds were determined as the exposure settings
that generated 50% damage response by cells. For 427 and 532 nm, the damage
thresholds were 0.5 J/cm2 and 2.3 J/cm2, respectively for red blood cells. The
threshold for lymphocytes was 4.4 J/cm2 and 42 J/cm2 for wavelengths of 420 and
555 nm, respectively. The K562 tumor cells had a threshold of 36 J/cm2 and 90
J/cm2 for wavelengths of 420 nm and 555 nm, respectively. It should be noted that
the ranges for damage thresholds were wide for all cell types in the range of 417
to 555 nm wavelengths with 0.5-5 J/cm2 for red blood cells, 4.4-42 J/cm2 for
lymphocytes, and 36-90 J/cm2 for K562 cells. These wide ranges were explained
by the possible presence of a different cell population, different functional stages
of the cells, and heterogeneous absorbing microstructures. [8, 9]

Oxygen Dependent Damage
Escherichia coli (E. coli) have been applied to assess possible oxygen
dependent damage on cells in a laser trap. This was accomplished by trapping
cells in either aerobic or anaerobic conditions at different wavelengths. In this
case, the parameters were 870 nm at 40 mW and 1064 nm at 50 mW. The aerobic
condition was the normal condition of cells grown in a normal environment. The
anaerobic condition involved growing and maintaining cells free of oxygen or
adding an oxygen-scavenging agent prior trapping the cell. Cells that were not
irradiated by the laser had the same lifetimes, whether anaerobic or aerobic.
However, cells that were free of oxygen and irradiated maintained a 3- to 6-fold
increase in same lethal dose at which fifty percent of the cells died (LD50)
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compared to the irradiated aerobic cells. Interestingly, the LD50 for anaerobic
irradiated cells was the same as that of cells subjected to no irradiation. The
increase in LD50 for anaerobic conditions suggests that oxygen plays a role in the
damage process. However, it is unclear as to whether oxygen’s role is a direct or
indirect cause of damage. [11]

Laser Scanning Cytometry
Laser scanning cytometry (LSC) is a technique that has emerged from
quantitative cell analysis and flow cytometry. This technique permits the quick,
quantitative analysis of cell damage on slides that may be reevaluated using other
stains. The setup involves a microscope with a dual helium-argon laser beam that
scans the slide under the microscope lens while recording the slide’s stage
position by stepper motors connected to a computer, the light scattered using a
condenser lens and scatter sensors, and the sample’s fluorescence emission is
collected via an objective lens connected to a CCD camera. An additional light
source allows transmission imaging of samples by the objective lens. The process
is computer automated enabling quick scanning and recording of results. [61] The
process has been applied to detecting many types of cell damage including
neurotoxicity due to chemical agents. This was tested using glutamate, 3Nitropropionic acid, and potassium serum deprivation on neurons and comparing
the cell death as analyzed by the neutral red assay and LSC used with propidium
iodide. The results showed that LSC and neutral red were equally accurate in
determining the viability of neurons following chemical insult and that the LSC
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technique gave the added improvement of speedy analysis. The parameters of the
laser beam employed were 20 mW Argon at 488 nm and Helium at 633 nm. Due
to the low intensity of the beam, induction of further damage to cells was shown
to be unlikely. Since the viabilities for both techniques had no significant
difference, no damage was indicated. [37]

Functional Evaluation
Each cell type within the body fulfills a unique purpose. Many cell specific
functions have been identified and applied to study changes of these functions in
response to stimuli. Among these many cell functions, giant cell formation (which
affects the cell division process of cells undergoing mitosis), colony formation (a
CHO cell characteristic), developmental assessment (a stepwise process for retinal
neurons), and cell rotation (a bacterial attribute) have been employed for
observation of effects on laser manipulated cells.
The formation of giant cells due to cell nuclei exposure to optical traps has
been observed in low wavelength (< 800 nm) cell manipulation. Giant cells are
identified as cells that are nominally twice the size of normal cells and may have
multiple nuclei. These giant cells are observed in cells that normally undergo
mitosis but have been affected by the laser such that they fail to divide or may be
induced to merge with other cells. Giant cell formation was observed as a result of
pulsed laser irradiation of wavelength 532 nm used to create nuclear lesions in
V79 Chinese hamster cells. [62] Exploration of laser induced chromosome bridge
dependence on mitotic PTK2 cells on wavelength was found to induce
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chromosomal abnormalities including the complete blockage of chromosome
separation. This work was performed at wavelengths of 740 and 760 nm. [63] The
work was further analyzed using Chinese hamster ovary (CHO) cells with 740 nm
or 760 nm wavelengths to assess if the giant cell formation could be an effect of
multiphoton absorption. To observe differences in single vs. multiphoton effect,
cells were exposed to 740 nm or 760 nm for two-photon absorption and an etalonmodified laser output at 760 nm for limiting photon absorption to one photon. The
results demonstrated that the 760 nm wavelength was more damaging to cells than
the 740 nm wavelength and that damage increased with increasing intensity and
exposure time. It was further concluded that use of an optical etalon reduced the
formation of giant cells for brief exposure times (< 20 s). It is possible that the
reason for the equivalent production of giant cells after 20 s is that cells absorb
both multi and single photons and that the single photon effects accumulate over
time or that two photon absorption still occurs with the etalon but that it is at a
lower rate requiring longer exposure time to accumulate the same effect. [34]
Another method of testing functionality of cells that was applied to laser
viability testing involved observation of changes in Chinese hamster ovary (CHO)
cells function. [12, 13] A feature particular to CHO cells is the tendency to closely
pack in parallel colonies shaped like sheaves of grain. [64] This function was
employed as a means to test CHO cells following laser irradiation by assessing
the colony forming units and colony sizes. Cells were irradiated after 18 hours of
being seeded into eight-well chamber slides, with controls not being subjected to
irradiation. Colony formation was observed at 66 and 138 h after seeding and
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colony size was measured at 66 h. Colony size was not observed at 138 h because
at that point colonies of over 100 cells had formed. Diode laser parameters of
670-680 nm at 2.4 GJ/cm2 and 340 MJ/cm2 were applied for 120 s. Additionally,
an Nd:YAG laser of wavelength 1064 nm was applied at 2.4 GJ/cm2, 1.0 GJ/cm2,
and 340 MJ/cm2 for 120 s exposure time. The results showed that the wavelengths
of 670-680 nm and 1064 nm produced similar viabilities and suggested that these
wavelengths cause no functional damage for intensities of 340 MJ/cm2 and
minimal damage for intensities of 1.0 GJ/cm2. [12] A later study assessed cells
exposed to parameters of 488 nm for light doses of 1 MJ/cm2, 2.5 MJ/cm2, and 5
MJ/cm2 for the purpose of finding desirable settings for laser optoporation for cell
transfection. Results demonstrated optimal colony formation for cells exposed to
1 MH/cm2. Therefore, 1 MJ/cm2 was determined to be a desirable laser setting for
cell transfection. [13]
Retinal neurons were also explored for functional changes following
manipulation via optical tweezers. A light microscope was equipped with a
continuous wave diode laser at a wavelength of 980 nm and 1 W of intensity, a
motorized stage with joystick control, a CCD camera, and a computer. [18]
Retinal cells commonly exhibit cell growth in the form of filopodia and
lamellipodia during the first 24 hours of culture and develop a single or multiple
neurites containing synaptic vesicles within 2-5 days. [65] Cells trapped by the
laser were maintained for 5 days with a 60 % survival rate and found to display
the same growth patterns as was observed by cells in culture. Additionally,
control and laser manipulated cells had a similar amount of outgrowth with
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contacts made between processes. Based on these findings, it was concluded that
the laser-manipulated cells were not damaged by the laser. [18]

Rotating Cell Assay
Tethered E. coli cells have been previously studied by adding a test chemical
by using a weak current to stimulate drug-carrying ions to pass into the bacteria to
observe the change in spin of the cells attached to a surface by a single flagellum.
Under normal conditions, E. coli cells alternatingly spin counterclockwise and
clockwise. Cell spin direction is changed about once per second. Cells exposed to
a chemoattractant became biased to spin counterclockwise to a peak point before
resuming the normal alternating spin pattern. In contrast, cells exposed to a
chemorepellent resulted in the opposite effect by spinning clockwise to a peak
point and then resuming the alternating spin pattern. [66] Additional study of
bacterial rotation revealed that bacteria stop spinning in the absence of glucose
but once exposed to glucose will start spinning within 20 to 30 s. The response to
ATP was found to be indirect as bacteria do not directly process ATP but depend
on transmembrane electric or pH gradient for energy and motion. [67]
Photodamage was characterized in E. coli based on the knowledge of this rotating
cell assay. Modified E. coli were selected so that the cells could only spin
counterclockwise and were capable of spontaneously tethering themselves to
glass. The cell change allowed for ease in cell tethering and created a simplified
situation for measurement of cell rotation. After cells were tethered, they were
imaged for 30 s to 100 s to monitor initial rotation rates. Cells were then held for
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8 s in a laser trap, released for 2 s, and the rotation rate was captured using
Labview. The time point when the rotation rate dropped to 50% of the initial
value (LD50) was determined for both exposed and laser irradiated cells. The
maximal LD50 (least damaging) was found at 970 nm at approximately 1400 s and
the minimal LD50 (most damaging) was found at 930 nm at 200 s, each with 100
mW of intensity. It is interesting to note that local minima also occur at 830 nm
and 910 nm and a local maximum also occurs at 870 nm. Based on the presented
data (see Figure 2.3), wavelengths between 870 nm and 910 nm are most harmful
to cells and should be avoided for cell micropositioning. The data also suggested
that 830 nm and 970 nm were the least harmful wavelengths and application of
these wavelengths was recommended for cell micromanipulation. [11]

Figure 2.3. Action Spectrum of E. coli at 100 mW.[11]
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Conclusions
A review of techniques used to evaluate affects of laser guidance of cells,
namely: live/dead status, mitochondrial evaluation, DNA evaluation, heat
shock/photothermal testing, oxygen dependent damage testing, laser scanning
cytometry, and functional testing demonstrates the need for a systematic approach
to laser guidance damage assessment. While a variety of wavelengths, intensities,
and exposure times have been explored using diode, continuous wave, and pulsed
lasers the key findings indicate that 1) continuous wave and diode lasers induce
less damage than pulsed lasers, 2) there is a range of minimal and maximal
damaging wavelengths depending on evaluation but the range points to
wavelengths between 780 nm and 850 nm as being least likely to results in
damaging multiphoton and heat absorption, 3) acceptable power intensities and
exposure times vary widely by wavelength as to their damage effects on cells, and
4) laser manipulation effects vary between cell types making functional
evaluation a critical mode of assessment.

DNA Evaluation using the Comet Assay
A DNA double helix is composed of two single strands of DNA connected
through the base pair bonding to form antiparallel strands. Each single strand
chain is composed of a sugar backbone (S) connected to a phosphate group (P)
and an organic nitrogenous base (B). (See Figure 2.4) The base may be one of
four types: adenine (A), thymine (T), cytosine (C), or guanine (G).
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Figure 2.4. A Nucleotide of a Nucleic Acid [68]

Single strands are connected by sugar bonding to phosphate groups on other 5carbon sugars. (See Figure 2.5) Double strands are connected by complementary
base pairs bonding together (adenine to thymine and cytosine to guanine). (See
Figure 2.6) Single strand breaks occur when the sugar-phosphate group bond is
broken or when single or multiple nucleotides from a single strand are completely
broken out of the helix. However, when a double strand break occurs, the bonds
between the complementary

40

Figure 2.5. A Single Strand of DNA is composed of a chain of nucleotides
connected by a sugar phosphate backbone. [68]

bases are broken leaving bases free to bind in a chemical reaction. It is important
to note that because DNA can be repaired by matching base pairs, single strand
breaks are less severe and typically repaired. Contrastingly, double strand breaks
are more difficult to repair since, single strand breaks can simultaneously occur
leaving gaps in a DNA chain that cannot be repaired accurately. [68]
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Figure 2.6. The Nucleotides of a double stranded DNA molecule pair an adenine
(A) to a thymine (T) and a guanine (G) to a cytosine (C) by hydrogen bonds. [68]
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DNA Damage Evaluation Methods
Multiple methods for DNA damage evaluation exist, such as, alkaline
unwinding, alkaline elution, alkaline sucrose sedimentation, and single cell gel
electrophoresis.
Alkaline unwinding employs an alkaline solution to unwind the DNA double
helix, neutralization, sonication, and separation of single strand breaks from
double strand breaks via a hydroxylapatite column at 60°C. Following this
process, a DNA binding dye is added to the fractions and a spectrofluorometer is
used to evaluate the amount of DNA in each fraction of sample from the column.
The double strand DNA damage is then determined based on the fraction of DNA
remaining following alkaline exposure divided by the total DNA. This technique
has the advantage of being quick to implement; however, the result is based on
the total number of cells rather than evaluation of the responses of individual cells
to exposure from a potential hazard. [69]
Alkaline elution employs filters and elution columns to lyse and filter double
strand DNA breaks using a neutral buffer and single strand DNA breaks using
alkaline buffer. The neutral elution step lasts from 0-3 hours and the alkaline
elution lasts from 3-9 hours. Following elution, the DNA is precipitated through
ethanol for 2-3 hours. Then, a DABA (diaminobenzoic acid dihydrochloride)
reaction is applied to the DNA remaining on the elution filters and it is analyzed
using a spectrofluorometer. The resulting value is compared to an elution slope,
which depicts the amount of DNA remaining on the filter vs. the time of elution.
Therefore, the DNA damage determined using alkaline and neutral elution is a
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lengthy process that results in giving a total damage in double- and single-strand
DNA breaks that may be averaged over the number of cells from the total culture.
This technique is lengthy and allows for data to only be collected based on the
total cell sample rather than characterizing the damage experienced by individual
cells. Essentially, the results from alkaline elution are the same as for alkaline
unwinding but the elution process is lengthier. [70-72]
Similarly, alkaline sucrose sedimentation is used to determine single strand
breaks whereas its neutral version can determine the total number of double strand
breaks within a sample set. For this technique, treated cells in suspension were
radiolabeled and added to a tube with a base layer of sucrose and second layer of
lysing solution. Samples are allowed to sit for 30 minutes and then are centrifuged
for 120 minutes. The larger DNA fragments will sediment more deeply into the
sucrose gradient than the smaller ones. After centrifugation, sediment fractions
are collected onto presoaked strips and the levels of radioactive content are
assessed using a liquid scintillation counter. The average molecular weights, the
number of DNA strand breaks, and alkali-labile bonds are calculated from the
levels of radioactive content. While alkaline sucrose sedimentation only requires
about 4 hours to reveal DNA damage in cell populations, the disadvantages of
radioactive material and damage quantification being limited to the bulk sample
cause this technique to lose desirability. [57, 58, 73, 74]
The single cell gel electrophoresis assay, also known as the comet assay, is a
method used to evaluate DNA damage at the level of individual cells. A low
density of cells is encapsulated in an agarose gel on a standard microscope slide.
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Then, the cells are lysed in detergent and high salt for at least one hour,
electrophoresed for about 30 minutes in a choice of either neutral or alkaline
solutions, neutralized, and stained with a fluorescent dye that binds to DNA. The
assay earned the name comet due to the effect observed following electrophoresis,
in which, the migration of stretched or broken DNA fragments spread from the
cell body to resemble the head and tail of a comet. (See Figure 2.7)

Figure 2.7. A human lymphocyte processed using the comet assay to reveal DNA
damage due to a 1 hour treatment with 172.5 µM H2O2 at 4°C. [75]

The advantages of the comet assay are that it may be performed in a reasonably
brief time (approximately 8 hours, not including analysis), requires no radioactive
materials, and is capable of providing damage results on a single cell level. [57,
58, 76]
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Comet Development
The comet assay is based on the work of Cook, Brazell, and Jost [77],who
developed what is now known as nucleoid sedimentation. They developed this
method to study the structure of cellular nuclei by lysing cells with detergent and
high salt to disrupt membranes and release nucleoids. Following lysis, RNA,
DNA, and some proteins remain in the form of a negative supercoil. It was
proposed that the supercoils remained stable because the DNA was attached to the
matrix to create a loop series. Ethidium bromide was added to unwind the
negative supercoil. Resultingly, a “halo” was formed by the DNA loops being cut
to allow migration from the nucleoid. (See Figure 2.8)

Figure 2.8. HeLa nucleoid with florescent halo. [77]

The result was also achieved by applying ionizing radiation to induce single
strand breaks and break loops. [58, 75-77] Nucleoid sedimentation led to the halo
assay development, in which DNA strand breaks cause relaxation of supercoiled
DNA loops attached to individual cells’ nuclear matrix proteins. [55, 75] Rydberg
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and Johanson embedded cells in agarose on slides and lysed them under mildly
alkaline conditions. Next, the cells were neutralized and stained using acridine
orange. DNA damage was assessed based on the ratio of green to red
fluorescence, in which green depicted double stranded DNA and the red depicted
single stranded DNA. [55, 57, 75]
Östling and Johanson extended nucleoid sedimentation and developed the first
neutral single cell gel electrophoresis assay. By adding the step of electrophoresis
following lysis of cells embedded in agarose gel, the negatively charged DNA
was pulled to have an increased migration from the nucleoids. As a result, a
greater range of differentiation occurred between different cell damage levels.
Although experts in the field disagree about the damage detected by the first
neutral method, it seems capable of detecting single strand breaks. However, this
is mainly a result of a lack of successful protein removal as in the case of nucleoid
sedimentation and the halo assay. [55-58, 75] Olive [78] contends that the
retention of the DNA “loop” structure allows the double strands to stay intact.
This allows the method used by Ostling and Johanson for the original comet
assay, nucleoid sedimentation, and the halo assay to be sensitive to single strand
breaks because they are responsible for the release of DNA supercoiling. [78] In
1988, Singh and Olive separately developed an alkaline method for single cell gel
electrophoresis. The main differences in these methods from the method by
Östling and Johanson were the addition of an alkaline step and the change of the
lysis solution to allow more complete protein lysis (~95%), which is a critical
factor in allowing the migration of broken DNA. This alkaline comet assay
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distinctly allowed for the detection of single strand breaks. Alkaline solutions
(solutions of bases in water) will break the hydrogen bonds between the
complementary base pairs that hold the two DNA strands together in a helix.
Therefore, by using an alkaline step, this method can only detect single strand
breaks since all the hydrogen bonds have been disrupted. [55, 56, 58, 75]
Experimental confirmation that the detection of single strand breaks is given by
the method’s ability to detect significant damage by a known damager of single
strands – hydrogen peroxide. Consistent with observations from other methods
measuring single strand breaks, this method found that the amount of measured
DNA damage was independent of radiation sensitivity and not influenced by cell
cycle position [78] In 1991, Olive reported the development of a neutral comet
method capable of detecting double strand breaks exclusively. [55, 58, 75, 78]
The main differences in this method from the alkaline were that the cells were
lysed for 4 hours in a warm lysis solution and that the electrophoresis buffer was
of neutral pH. The differences in result for Olive’s neutral method were that,
unlike its alkaline counterpart, no damage was detectable following hydrogen
peroxide treatment and the fraction of migrating DNA was not affected by
addition of hydrogen peroxide to irradiated cells with or without a repair period.
[78]
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Variations
In order to most distinguish slight amounts of damage, the use of the alkaline
comet method is desirable. The interesting part of this assay is that there is
variation in use with different cell types and in general technique.
The comet assay may theoretically be conducted using any eukaryotic cell
type. [56, 57, 79, 80] Human tissues tested include: blood, epithelia, fibroblasts,
spermatocytes, adenocarinoma, squamous cell carcinoma, and lymphoma, with
most common being blood tissue used to examine lymphocytes. Explored animal
tissues include: lymphocytes (mouse, rat, canine), splenocytes (mouse),
thymocytes (mouse), bone marrow (mouse, canine), brain (mouse, rat, sheep),
kidney (mouse, rat), liver (mouse, rat), bladder (mouse), lung (rat), mucosal
epithelia (rat), pancreas (rat), testes (mouse), whole blood (tadpole) and embryo
(rat), with the most frequently used being liver cells from mice. Human cell
cultures investigated include: blood (B-cell and T-cell), carcinoma (cervix, colon,
bladder, prostrate), melanoma, glioma (U87MG), SCC, fibroblast, nasal and
gastric mucosa, pancreatic, and breast keratinocyte, with the most commonplace
being cervical carcinoma. Previous comet research using animal cell cultures
includes: chinese hamster ovary (CHO), hamster ß-cell (HIT-T15), hamster lung
fibroblast (V79), mouse melanoma (F0), mouse lymphoma (L5178Y), mouse
squamous cell carcinoma (SCCVII), mouse erythroleukaemia (friend clone 707),
rat glioma(C6), rat traqueal, rat mesothelia, rat hepatocytes (primary), rat
pancreatic, chicken embryo fibroblasts, fish hepatocytes, fish lymphocytes, sheep
hepatocytes, sheep lymphocytes, among which the most popularly examined are
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hamster V79. [55, 57, 81] Since the behavior of the cells types indicated is widely
varied, it is not surprising that the same technique for cell preparation does not
apply for all. In fact, there are separate cell isolation techniques for whole blood,
isolated lymphocytes, separation of lymphocytes and treatment in vitro, bone
marrow, solid organs and tissues, monolayer cultures, and suspension cultures.
The isolation for whole blood can be achieved by adding 75 µL of 0.5% low
melting point agarose (LMPA) at 37°C to a suspension of approximately 10,000
lymphocytes in 5 to a max of 10 µL of fluid. [79, 80] Alternately, blood may be
diluted with phosphate buffered saline (PBS) and equal volumes of diluted blood
and in 1% LMPA. [80] A third option is that a small amount of blood may be
added to 1 mL of media and stored refrigerated or on ice for an extended time to
allow extra time for processing. Cells must be centrifuged and supernatant
removed before adding 75 µL of LMPA to 5 µL of blood. Flash freezing may be
performed but is not recommended as it decreases cell survival. [79] For any of
these situations, the mixture of cells and agarose is added to an agarose coated
slide, covered with a coverslip, and the slide is placed on ice for 5 to 10 minutes
to allow the agarose time to solidify. Next, the coverslip is removed, a third layer
of agarose (~75 - 80 µL) is added to the slide, and the coverslip is placed on the
gel until the final agarose layer has solidified. [79, 80]
Isolated lymphocytes may be attained by mixing 1 mL of RPMI (Roswell
Park Memorial Institute) 1640 media to 20 µL of whole blood in a
microcentrifuge tube. Next, 100 µL of Ficoll histopague is added to the tube
below the blood/media solution. The tube is then centrifuged at 2000G for 3
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minutes, 100 µL of the top of the Ficoll mixture is removed, and 1 mL of media is
added to the mixture. Following the media addition, the mixture is resuspended,
centrifuged for 3 additional minutes, supernatant is removed and the pellet of
lymphocytes is suspended in 75 µL of LMPA. Once the cells are in solution with
the agarose, the cells are added to an agarose coated slide and the procedure
follows that of the whole blood cell slide processing from the same point. [79, 80]
To separate lymphocytes and treat in vitro, a donor contributes 1 mL of blood
and lymphocytes are separated using Histopaque-1077. In this situation, blood
may be diluted equally with fetal bovine serum (FBS) free RPMI or PBS and
placed in a centrifuge tube atop 600 µL of Histopaque. The mixture is then
centrifuged at 800 x g for 10 minutes and the buffy coat, a buff colored layer in
between the clear fluid plasma layer and the red fluid layer of red blood cells
which contains most of the white blood cells [82], is removed and resuspended in
3 to 5 mL of either PBS or RPMI media. The suspension is centrifuged at 250 x g
for 10 minutes to gain a lymphocyte pellet. The pellet is suspended in 1 mL of
iRPMI and cells are counted. Each sample uses 2 x 104 cells per 100 µL of media.
Lymphocytes are added to 1 mL of each dose of FBS free media, cells are mixed
with test samples in eppendorf tubes, and cells are incubated for 3 hours at 37°C.
Next cells are centrifuged for 5 minutes at 3000 rpm and the test sample is
discarded. Then the pellet is suspended in 100 mL of PBS and cells are checked
for viability using Trypan Blue. Finally, 100 mL of 1% LMPA is added to the
suspension and 80 mL of the mixture is placed onto precoated slides with a
coverslip on top. The gels are chilled on ice to solidify, the coverslip is removed,
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a third layer of 90 µL LMPA is added, and the coverslip is replaced until third
agarose layer solidifies. [80]
Bone marrow isolation is obtained by coating a bone, commonly a mouse
femur, with 1 mL of cold mincing solution composed of Hank’s Buffered Saline
Solution (HBSS) with 20 mM Ethylenediaminetetraacetic Acid (EDTA) and 10%
Dimethylsulfoxide (DMSO) in a microcentrifuge tube. Agarose is then mixed
with the cell suspension 75 µL LMPA: 5 µL cell suspension and the procedure
followed for whole blood isolation addition to a slide is followed from this point.
[79, 80]
Isolation of solid organs and tissues is accomplished by adding 1 mL of
chilled HBSS with 10% DMSO and 20 mM EDTA to a small piece of tissue or
organ. The tissue or organ is then finely minced, permitted to settle, and 5 to 10
µL are mixed with 75 µL of LMPA. An exception to this procedure is an organ
that is rich in blood. For such cases, the organ is first minced into large pieces in
mincing solution, allowed to settle, and mincing solution is removed. Fresh
mincing solution is added and the organ is chopped finely. The cell suspension is
then mixed with LMPA 5 µL to 75µL, respectively. Total cell suspension volume
mixed with 75 µL of LMPA should not exceed 10 µL with 10,000 cells per slide
being the optimal concentration. After tissue or organ fragments are mixed with
agarose, the procedure for applying to a coverslip is the same as that of whole
blood. [79, 80]
Monolayer cultures are prepared for slide addition by removing the culture
media and replacing it with mincing solution. A cell scraper is employed to scrape
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cells into the mincing solution for a final concentration of about 1 x 106 cells/mL.
Cell suspension (5- 10 µL) is then mixed with 75 µL LMPA. Alternately, cells
may be trysinized using 0.005% Trypsin for 5 minutes at 37°C to detach cells.
Next, an equal amount of culture media with FBS is added to the suspension to
overcome the Trypsin. Cells are concentrated in a minimal solution of 10,000
cells per 10 µL. A solution containing approximately 10,000 cells is then added to
75 µL of LMPA. Cells are then processed per the same procedure as whole blood
for addition to a coverslip. [79, 80]
Cell suspension cultures are concentrated at approximately 10,000 cells per 10
µL of media. LMPA is then mixed 75 µL to 10 µL cell suspension. Addition to
coverslip follows the same procedure as whole blood. [79, 80] Concerning
general technique, as different investigators have used the comet assay, slight
modifications have been made. The first step of the comet assay is gel application
to the microscope slide. There are three common variations on gel application:
number of gel layers, contents of gel layers and agarose concentrations of the
gels. Concerning the number of gel layers, investigators have used as many as
four layers [75] but more commonly 3 (referred to as the sandwich technique) [35,
56, 57, 75, 79-81, 83, 84] and as few as one (which is referred to as the monolayer
technique) [56, 57, 81, 84-86]. A few investigators have also used a two layer gel,
in which, the third layer of plain gel is omitted, such that the first layers serves as
a coating to help the second gel attach and the second layer holds the cells. [56,
76] The contents of the gels vary mainly regarding the placement of cells. The
monolayer technique has the cells to be evaluated embedded within the gel. [56,
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57, 81, 84-86] The sandwich technique typically has no cells in the first layer. The
second layer typically contains cells with the third gel only. [56, 57, 75, 79-81,
83] However, some investigators have used a second gel layer and the third layer
to contain cells. [35] Following a decision on number and contents of layers of
agarose, the next decision is the concentration of the agarose within the layer(s).
For 3 layer sandwiches, 1% NMA in PBS is common for the first layer. The
second and third layers vary from 0.5-1.5% as NMA or LMPA (with most
protocols using LMPA for both). [35, 56, 75, 79-81, 83] Minimum working
concentrations are 0.5% NMA or LMPA in PBS for each layer. [75, 81] Ultra
pure H2O may be substituted for PBS with the consideration that the minimum
concentration for the first layer changes to 0.8% but the other layers may still use
0.5% agarose. [75, 81] To improve agarose attachment to the slide, 1 mL of 1%
NMA may be applied prior to layer 1 and allowed to dry and be removed by
scraping it off with another slide. [75] The roughened texture created allows
increased sites for the agarose to grip for slide adhesion. Alternatively, it can be
helpful to dehydrate the first layer to create better adherence. [81] It should be
noted that the variability in agarose does play a role in the effect of the comet. For
the first layer, a higher agarose concentration can aid increase gel adhesion. For
the latter layers, especially the layer containing cells, an increase in agarose
concentration can affect the extent of DNA migration, such that, as the agarose
concentration increases the smaller the fragments are that can migrate. [56]
Monolayer gels are typically composed of 0.75% LMPA. [57, 86] The first layer
may be added by dipping the slide in hot agarose [56, 79, 80] or by adding the gel
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by micropipette [81, 83, 86, 87]. Subsequent layers are typically added by
micropipette with each layer covered by a coverslip until solidified to promote gel
flatness. [35, 56, 79, 80, 83, 85, 87] It is important to be sure the latter gel layers
are maintained at approximately 37°C to keep from inducing heat shock to the
added cells. [57, 79-81, 83, 85]
Following gel preparation, the cells continue to be maintained in a dark
atmosphere. Once the gels have solidified, the slides are placed in a lysis solution
for protein removal. The most common solution for lysing is composed of a
premixed solution of 2.5 M NaCl, 100 mM Na2EDTA, and 10 mM Tris in
distilled water, pHed to 10. On the day of use, 1% Triton X-100 and 10% DMSO
are added and the solution is refrigerated at least 30 minutes before slides are
added. Slides are then maintained at 4°C throughout the lysing time. [56, 75, 7981, 83, 85] Additionally, 1% sodium N-lauryl sarcosinate is optionally added for
some cell types to be completely lysed. [56, 57, 81, 83] However, it is not needed
for all cell types and should be evaluated for necessity on a cell-by-cell basis. [56,
75, 81] Proteinase K (0.5 - 1 mg/mL) is listed as used in a secondary lysis solution
that is the same but contains no detergents (Tris and DMSO) [56, 57, 81, 83, 86,
87] as an optional means of removing remaining protein or to discern between
crosslinked DNA-protein and DNA-DNA. [56, 81] DMSO was optionally
included for collection of free radicals from the hemoglobin of blood or animal
tissues. [56, 79-81] It is noted that a final lysis solution pH of greater than 12.3 for
fast paced protein unfolding and unwinding. [76]
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Slides are optionally rinsed with electrophoresis buffer or distilled H2O and
placed in electrophoresis buffer post lysis. [55, 56, 86] Rinsing slides in
electrophoresis buffer or distilled H2O is recommended to maintain purity of
electrophoresis buffer. For alkaline comet, the electrophoresis buffer is comprised
of 300 mM NaOH/ 1 mM EDTA in distilled H2O. [56, 80, 85] Some investigators
have added 0.1% w/v 8-hydroxyquinoline (to give an indication of water quality)
and/or 0.2% DMSO (to avoid DNA damage from iron relased during lysis of
erythrocytes present in blood and tissue samples). [56, 83, 86, 87] Slides are
permitted to unwind in electrophoresis buffer precooled to 4°C for 20-60 minutes.
[56, 57, 75, 79-81, 83, 86] After unwinding, slides are typically electrophoresed at
0.6-1 V/cm, 250-300 mA, for 20-40 minutes. [56, 75, 79, 80] In order to reduce
background damage, it was important to control temperature during
electrophoresis. This was accomplished by using a large electrophoresis chamber
and recirculation of the electrophoresis solution [83] or by electrophoresis at 16°C
or 4°C [75, 85]. Additionally, electrophoresis at cooler temperatures increased
sample adherence at high pHs and improved reproducibility. [85]
When electrophoresis was completed, slides were removed from the
electrophoresis tank and neutralized. The neutralization buffer and timing has
some variations: 1 M Ammonium acetate (pH 7) for 30 minutes [86], 1 M
Ammonium acetate for 15 min and 5mM spermine in 70% ethanol for 15 minutes
[83]; 100 mM Tris (ph 7.5) 5 minutes room temperature [35], and 0.4 M Tris (pH
7.5) at room temperature for 3 rinses that last 5 minutes each)[56, 75, 79-81, 88].
The reasoning in usage of spermine was that it precipitates DNA efficiently,
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provides a low background, and better maintains the architecture of DNA. [83]
However spermine is not commonly used as a step. Further, it has been observed
that extension of neutralization time decreases the background intensity. [56, 81]
Following neutralization, slides were either stained and imaged immediately
or stored for later imaging. Slides were optionally stained before storage or just
before imaging. Staining for COMET has been performed using many different
chemicals: propidium iodide (2.5-5.0 ug/mL) [56, 57, 75, 76, 81]; ethidium
bromide (20ug/mL) [56-58, 75, 76, 80, 81, 88]; DAPI(4',6-diamidino-2phenyllindole)(5 ug/mL) [56-58, 75, 76, 81];YOYO-1(50 uL of 5% sucrose in 5%
DMSO)(benzoxazolium-4-quinolinum oxazole yellow homodimer) [56, 76, 83,
87]; TOTO [57, 76, 81]; SYBR green [35, 56, 76, 79, 85]; silver nitrate [56, 76,
85];SYBR gold (5 uL stock added to 50 mL double distilled H2O) [86]; acridine
orange (2 ug/mL) [57, 58, 75]; anti-BrdU antibody [57]; Hoechst 33258 (5
ug/mL) [57, 75, 76]; and Hoechst 33342 (10 ug/mL) [57]. Propidium iodide and
ethidium bromide were most commonly used for DNA staining. Apparent
drawbacks among the stains were cost for YOYO-1, TOTO, and SYBR green and
quick bleaching under ultraviolet radiation for DAPI and Hoechst 33258. [76]
Investigators have shown that silver nitrate is an effective means for DNA
analysis that requires no fluorescence equipment. [56, 76, 85] An antifading
solution composed of p-Phenylenediamine dihydrochloride (500 mg in 4.5 mL 1X
PBS) at pH = 7.5-8.0 has been used to maintain stains for increased viewing time.
The solution is completed by the addition of 1X PBS quantity sufficient to 5 mL
and 45 mL of glycerol for final volume of 50 mL. The antifading solution was

57
applied in 10 µL per sample. [85] Successful storage techniques have been
developed for long- and short-term use. For short-term storage, slides were
placed in a light proof box containing moist PBS sponges at 4°C. [75] For longer
storage, slides were rinsed in distilled water and dehydrated in 70-100% ethanol
or methanol for five minutes and air dried or dried in a warm (50°C) oven. [56,
79, 81, 85] Further, it was found to increase gel stability if slides were treated
with neutral buffered formalin for 10 minutes either instead of or following
alcohol treatment. [56, 79] Another option dipped slides in distilled water and
dehydrated the slides in cold 100% methanol or ethanol for 20 minutes. Next, the
slides were air-dried and placed in an oven at 50°C for 30 minutes. [80]

Imaging and Analysis
DNA stand break measurements were not the only information obtainable
from COMET assay performance. Instead, other agents may be added to identify
the source of the break (e.g. from the direct effect of an injurious agent, appearing
as breaks but actually are apyrimidinic (AP) sites, or intermediates points in cell
repair due to nucleotide and base excision repair processes. An extra step of
digesting nucleoids with injury specific enzymes may be added to the COMET
assay prior to lysis to provide more information about the mechanism of the
break. Detection of oxidized pyrimidines (otherwise known as base damage) is
obtained via endonuclease III. [58, 89] Additionally, T4 endonuclease V identifies
UV induced cyclobutane pyrimidine dimers, formamidopyrimidine DNA
glycosylase (FPG) recognizes the major purine oxidation product 8-oxoguanine
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and other modified purines, and Alk A induces breaks in DNA at 3methyladenines. [58] The sites that are affected by these enzymes increase tail
intensity by generating more DNA breaks. Endonuclease III and FPG were used
to confirm oxidized bases in cells subjected to hydrogen peroxide treatment or
photosensitizers with visible light. [57, 58] Limited information was obtained
regarding the cell cycle phase; however, cells marked during replication with
bromodeoxyuridine (BUdR) allow labeled comet tails to be discernible using antiBUdR. Breaks induced by UV or bulky adducts have been shown to occur as
intermediates steps in nucleotide excision repair. [58] Detection of the effects of
these damaging treatments in dividing cells was achieved by incubating damaged
cells with DNA synthesis inhibitors hydroxyurea, cytosine arabinoside, or
aphidicolin to block repair patch synthesis and allow accumulation of incision
breaks. For nondividing cells, inhibitors were unnecessary due to a low supply of
deoxyribonucleoside triphosphates. [57, 58] Additionally, breaks induced by UV
damage were found to require repair time to allow comets to appear. [57] Efforts
have also been extended to distinction of chromosomes via fluorescent in situ
hybridization (FISH). The FISH technique employed oligonucleotides or
complementary DNA (cDNA) to recognize specific sequences. This technique
allowed for measurement of gene-specific repair rates following DNA damage.
Further, apoptotic cells were identifiable by exhibition of a granular halo and
hazed boundary through substitution of electrophoresis with alcohol precipitation.
[58]
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Standards for inducing damage were necessary to have negative controls for
the assay. Common standards employed include UV radiation, hydrogen
peroxide, Cobalt 60 gamma irradiation, and X-ray radiation. UV-C has been used
to irradiate cells in a range of 0.2 to 10 J/m2 from which no damage is shown at
the time of treatment. It has been shown in lymphocytes that the maximum yield
of breaks due to UV-C occurs at 1 hr following irradiation. Hydrogen peroxide
has been used in doses between 9 and 300 µM. [75, 88] (See Figure 2.9)

Figure 2.9. Migration Length of DNA as a Function of Hydrogen Peroxide
Dosage[88]

Cobalt 60 gamma irradiation has been conducted between 1 and 400 Gy with
maximum damage inflicted immediately after irradiation and repair occurring
within 15 minutes following exposure. X-ray radiation has been applied between
0.1 and 100 Gy, and between 25 and 400 rads. [57] A standard curve has been
established for X-ray irradiation damage at doses of 50, 100, 150, and 200 rads.
[88] (See Figure 2.10)
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Figure 2.10. Migration Length of DNA as a Function of X-Ray Dosage[88]

Slides were imaged following staining or rehydration of dried gels for 30
minutes in chilled distilled water. [79, 80] Comets have been imaged with a
fluorescent microscope using 160X to 600X magnification (in which range, 200X
to 400X were most commonly selected). [56, 79-81, 88] Appropriate
magnification depends on cell type, range of migration, and microscope or
imaging system limitations. [56, 81] Two main methods have been employed for
image analysis: visual comparison and imaging analysis systems. Visual scoring
was performed by separating degrees of damage into 5 classes of comet
appearances, from 0 (which has no tail) to 4 (which has nearly all DNA in the
tail). [58] (See Figure 2.11)
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Figure 2.11. Comet Images Representing Classes 0-4 for Visual Scoring. [58]

The standard of measurement typically used is the length of DNA migration
which is supposed to be related to the size of the fragments and has been shown to
be proportional to the level of SSBs. Migration length has been measured via
micrometer in microscope eyepiece, ruler on photographs or camera monitor, or
by image analysis. [56, 58, 81, 88] Additionally, computer imaging analysis
collects comet data based on the percentage of migrated DNA by assuming a set
amount of background fluorescence and quantifying the intensity of fluorescence
in the migrated and nonmigrated DNA regions. [56] Imaging analysis systems
include Komet 5 image analysis software by Andor Bio-Imaging Division [80],
Alkomet image analysis system [86], NIH Image [55], Comet Assay IV by
Peceptive Instruments [90], CometImager and Metafer CometScan by
MetaSystems [90], Comet Analysis System by Loats Associates, Inc. [90],
AutoComet by The Tritek Corporation [90], VisCOMET by Impuls Bildanalyse
GmbH [90], and Northern Eclipse by Emix Imaging, Inc. [90]. Regardless of
analysis type, 20-100 cells are typically analyzed per sample. [58, 75, 79, 80, 85,
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87, 88] In addition to migration length, image analysis software enabled further
comet measurement methods of tail moment (tail length x % DNA in the tail)[5658, 81, 85], total length (includes both head and tail) [58, 81, 83, 85], tail length
[57, 58, 81, 83], relative fluorescence between head and tail [58], length to width
or width to length ratio [56, 81], and nuclear size. [85]

Applications
Applications of the COMET assay have included genotoxicity, ecological
studies, human studies, repair studies, and apoptosis. Genotoxicity testing using
COMET has been extended to a wide variety of chemicals and treatments both for
assessing damage due to chmical or novel pharmaceutical or to assess the ability
of a chemical to protect against a genetic injury. [58, 75] To use COMET for
genotoxicity testing, it has been recommended to have four doses, negative
controls, positive controls, and performance of two independent experiments. [75]
Ecological monitoring has been applied by studying tissue from organisms in
contact with genotoxic or potentially genotoxic environments, such as
lymphocytes from mussels, earthworms and small rodents. Human studies have
been conducted in biomonitoring, nutrition and diagnosis. Biomonitoring has
been focused on monitoring occupational exposure to radiation or chemicals with
potential genotoxic effects, such as diseases that generate oxidative stress and
DNA damage due to smoking. Nutritional studies have been applied to evaluate
effects of nutrients and lipids on DNA, as well as, defensive effects of
antioxidants and supplements. COMET has also been proven as a useful tool for
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diagnosis of diseases that generate genetic instability, such as, Nijmegen breakage
syndrome and xeroderma pigmentosum. Repair studies have been investigated by
infliction of cells with a DNA damaging agent with follow up investigations at
varying time points. [58] Finally, apoptosis has been evaluated via nuclear DNA
fragmentation into nucleosomal sizes. This was a reasonable time point since
DNA degradation is thought to reduce genetic transfer from dying cells to
neighboring cells. Apoptosis has been shown to result in extensive DNA
degradation, which allows for clear distinction from undamaged cells. [57]
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CHAPTER THREE
PRINCIPLES

Optical Guidance
As previously described, many methods exist for patterning cells onto a
surface from patterning proteins for cell adherence to mechanical methods of
inkjet printing and micromanipulation by dielectrophoretic tweezers to the optical
methods of laser tweezers and laser micropatterning. Among these methods, the
most accurate means of patterning cells are the optical methods. These are the
only methods currently capable of patterning cells and particles within a few
microns of accuracy. Due to this precision, optical traps appear to be an ideal tool
for study of cell-cell interactions. An effective understanding of intercellular
interactions could provide solutions to nervous system damage, such as that
induced by spinal cord injuries and strokes by generating cell and tissue
replacements and improved prosthetics. Since laser tweezers exert significantly
more force on cells in the trap via the 3D control as compared to radial attraction
and axial guidance, laser micropatterning stands out as the tool of choice for
studying cell-cell interactions.

Cell Type Selection
Neurons are known for sensing and processing information throughout the body.
They are capable of response to mechanical, chemical and electrical stimulation
and are easily damaged by overexposure to mechanical, chemical, electrical or
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thermal stimulation. Functionally, neurons have been observed to develop neurite
outgrowths (thin projections that later develop into an axon or dendrites) within a
few hours of cell seeding. The neurite outgrowths may be chemically attracted or
repelled depending on location of specific trophic molecules, such as nerve
growth factor (NGF). [91] Neurite outgrowth is also affected by mechanical
structures, such as dips and grooves within a structure. [92] Further, neurons have
been observed to undergo apoptosis if overheated, alienated, or stressed from
other neurons and factors released by them. As a consequence of the sensitive
nature of the neuron, it becomes an ideal cell type for monitoring thermal,
mechanical, electrical, and chemical effects on cell cultures.

Damage Assessment Methods
Determination of the extent of damage induced on cells requires a multistep
method. Observation of the types of viability testing used for cells reveals that the
main evaluations determine live/dead status, functional status (either by a
chemical or physical process), and internal damage, such as DNA.
The most apparent means of determining cell damage is by determining if the
cell is alive. Induction of death immediately or within a number of hours
following insult may be visualized using a number of the assays. Specifically,
Trypan Blue, Neutral Red, Annexin V, Propidium Iodide, SYTO 9, calcein
acetomethylester (Calcein AM), and Ethidium Homodimer-1. Each stain has its
own advantages and disadvantages. For example, Trypan Blue penetrates
damaged cell membranes and is visible without fluorescence. However, Trypan
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Blue yields no insight to living cells. To assess whether a cell is living or dead, a
dual stain such as use of Calcein AM and Ethidium Homodimer is useful to show
living and dead cells simultaneously.
Cell function assessment varies between cell types. For neurons, the physical
outgrowth of neurite extensions is a distinctive functional indicator. Neurons in
the same media at a specified cell density should display similar average
outgrowths. Stunted or amplified outgrowths as a result of exterior stimuli may be
monitored at predetermined time points and measured to determine if a significant
difference in neurite extension occurs following laser exposure.
Internal damage due to radiation has been observed in response to UVA,
UVC, gamma rays, and x-rays in the form of DNA double and single strand
breaks. Some of these effects are direct damage, as in the case of gamma and xrays. However, the damage to DNA from UVA and UVC are indirect and result in
cells repairing themselves. Similar damage may be induced by laser radiation and
should be investigated.

Purpose of Modifying COMET
The COMET assay is a method for observing DNA damage effects in
individual cells. However, current assays are designed to investigate single cells
from a group of damaged cells treated by a bulk damaging agent, such as,
radiation or chemicals. No method currently exists for the investigation of DNA
damage at the level of single cell injuries. Therefore, in this thesis research, a
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modified comet assay was developed to allow assessment of DNA strand breaks
due to damaging agents applied to single cells.

Cell Containment
A final consideration for evaluating damage due to laser micropatterning is
the containment of the cells. For typical micropatterning, cells are injected into a
chamber and patterned coated glass surface. However, the injection process is
time consuming for systematic evaluation of laser parameters. As a result, cells
were randomly seeded onto glass surfaces using a consistent density of 200,000
cells per container. Since the cells were not to be patterned, the complicated
chamber was also unnecessary. A simpler option of modifying 35 mm Petri dishes
with a gridded glass coverslip on the base (for cell tracking) and a plain glass
coverslip on the top (to minimize beam diffraction) allowed a simulation of the
chamber that could be easily transported and viewed under a microscope.

69

CHAPTER FOUR
METHODS

Viability and Functionality Setup
The viability and functionality experiments were developed based on the laser
setup to be tested with adaptations to the existing chamber for cell
micropatterning. To resolve a suitable method of cell containment, the container
or well was coated and tested for cell culture capability. Next, a procedure for
assessing viability of neurons was established using phase evaluation up to 36
hours. At 36 hours, viability was assessed colorimetrically using Calcien AM and
Ethidium homodimer-1, which fluoresced green for live cells and red for cells
with damaged membranes. Then, a protocol was developed for functional
evaluation of neurons via neurite outgrowth measurements at 4, 12, 24, and 36
hours. For both viability and functionality, cells were randomly cultured for one
hour to permit cell attachment. After attachment, control and laser cells were
selected and laser cells were irradiated at laser settings of 800 nm for 100 mW,
200 mW, and 300 mW for 10 s and 60 s exposure times per intensity.

Laser Setup
Our lab uses a laser micropatterning system to study cell-cell and cell-particle
interactions. Specifically, the setup uses a solid state-pumped Ti:Sapphire laser
that is directed by right angle prisms to be pointing vertically down for cell
micropatterning. The beam is focused and imaged via a 20X long working
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distance objective, which is connected to a CCD camera for real time imaging on
a video monitor. A stage for holding cell chambers is partially automated by an x,
y, z motor system connected to a lab developed LabView computer program
designed specifically for ease in micropatterning. The system was illuminated
below the stage to allow visualization of the cells within the chamber. (See Figure
4.1) Our setup has been demonstrated by patterning polymer microspheres,
myocytes, fibroblasts, forebrain neurons, and dorsal root ganglia.

Figure 4.1. Laser Guidance System Setup

Laser Chamber for Cell Containment
The pre-existing chamber design is basically a sandwich made of a coverslip
(gridded for cell tracking), a PDMS stencil/membrane (for cell media and culture
containment), a glass coverslip to create a seal between two aluminum plates. The
upper glass coverslip has been modified by attachment of a small metal plate with
a large center hole for the laser to pass through the glass to the culture and two
smaller holes for ventilation to insure a sealed environment. Additionally, the
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PDMS membrane has a slot tailored into the top to allow entrance of a hollow
optical fiber for cell deposition from a microsyringe.

Chamber Designs for Cell Containment
The pre-existing chamber design limited the process of observing viability and
neurite outgrowth due to the necessity of cell deposition via the microsyringe.
While micropatterning is a reasonably quick method for precise cell positioning,
the process is too lengthy to evaluate a large number of irradiated cells. This study
focused on laser effects on cells. As previously stated, the electrical and
mechanical effects of lasers on cells have not been eliminated as possible sources
of damage. Therefore, the mechanical force exerted on a cell could be observed in
a static state by laser irradiation of cells attached to the surface of a well. In fact,
the axial and radial forces would likely have a greater effect on the cell in the
static attached state than that of the unattached state since the mechanical force
could serve to detach cells and thereby decrease viability. Additionally, cell
attachment prior to irradiation allows control and laser irradiated cells to be
selected at the same time within a dish and improves cell status by identifying
healthy attached cells rather than cells in an unknown health state ejected from a
syringe.
Two chamber options were investigated to contain cells for viability and
functionality assessment. The first design employed a PDMS stencil/membrane
attached to a gridded glass coverslip by silicon glue to create a PDMS well. (See
Appendix A for protocol) The PDMS well formed was used to contain cells and
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media. The well was placed into the typical chamber sandwich with a glass
coverslip to cover the membrane surrounded by a base and covering aluminum
plate bolted together to seal the cover to the membrane. Following irradiation,
each well was transferred into a 35 mm Petri dish with a hole in the base to allow
a clear view of the cells on the grid for future imaging with the Zeiss 400M
microscope. (See Appendix B for dish construction protocol) The Petri dish
enclosure allowed for simplified handling of the chamber and adapted the
containment device to allow ease in imaging. This system produced consistent
cell culture results with the exception of placement in the room with the laser.
Due to complications with the PDMS well retaining a sterile cell environment in
the laser area, a simpler containment system was sought. The simplified
containment system employed a 35 mm Petri dish with a gridded glass coverslip
in the base for cell tracking and a plain coverslip in the top to minimize laser
diffraction. (See Appendix B for protocol) This method produced consistent cell
culture results without the severe contamination experienced with the PDMS
wells in the laser room. Therefore, the modified Petri dish for cell containment
was the containment choice for the viability and functionality experiments.

Coating
Based on previous experiments, Poly-L-lysine is an effective coating to
promite neuron attachment to glass surfaces. An alternate coating of L1 was
compared at varying (1, 5, 10, and 50 µg/mL) concentrations to PLL to observe
effects in neurite outgrowth. Cells were imaged at 4, 12, 24, and 36 hours with a
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40X microscope objective and neurites were measured following imaging.
Independent of the comparison of outgrowth due to L1 coating vs. PLL, PLL was
used as the coating for the experiments due to its common use in research as a
coating. Dishes for the experiments were coated with 200 µL of PLL for at least 1
hour. Prior to cell addition, PLL was removed and dishes were rinsed three times
with filtered distilled water and allowed a brief drying time in the cell culture
hood.

Cell Culture
Forebrain neurons were cultured from embryonic day 7 (E7) white leghorn
chickens as adapted from Heidemann. [93] (See Appendix C for Protocol) Cells
were plated at a density of 2 x 105 cells/Petri dish with 2 mL of neuron culture
media and placed in a CO2 independent incubator for one hour to allow cell
attachment. To confirm laser damage did not induced toxicity for an entire culture
and that cell cultures were healthy from the primary dissections, control dishes
were cultured along with the sample dishes. Control dishes consisted of plain
glass bottom dishes coated with PLL for 1 hour and rinsed 3 times with distilled
water prior to cell addition. Control dishes were for observation of culture health
and not evaluated separately for functionality or viability since controls that were
not irradiated by the laser were selected in the sample dishes to reduce variations
in cell selection time.
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Viability Procedure
Assessment of viability and functionality was performed by seeding (E7)
forebrain neurons (see Appendix A for dissection protocol) onto modified Petri
dishes precoated with Poly-L-Lysine (PLL) for 1 hour and rinsed three times with
distilled water. Cells were plated at a density of 200,000 cells/Petri dish with 2
mL of neuron culture media and placed in a CO2 independent incubator at 37°C
for one hour to allow cell attachment. After one hour, one of the dishes of cells
was transported to the laser guidance system and placed on the stage. The laser
was set to a wavelength of 800 nm for all experiments and intensities were varied
at 100 mW, 200 mW, and 300 mW for 10s and 60 s exposure time. Prior to cell
irradiation, the laser is tested to be sure cells will be in the focal region. To check
the focal region of the laser, polymer microsphere (about 20 µm in diameter) were
added to a glass bottomed Petri dish. The laser was turned on and the stage was
manipulated along the x and y planes to locate the laser focus point based on the
location of a trapped microsphere. The laser focal point was then centered on the
monitor by adjusting x and y axis controls for the laser beam. If the beam was
unable to trap a microsphere, vertical realignment of the laser beam might be
necessary. This involves using black paper to generate a hole in the location the
laser’s beam. The location is then shifted up by the axis control to trap a
microsphere. After the laser’s focal region is established, cells may be irradiated.
For each dish, 8 cells were selected for laser irradiation and another 8 cells were
selected for controls. Since the laser has a beam diameter that is less than that of
the neurons, which are about 8 µm in diameter, only the cell the laser is focused
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on should be affected by the irradiation. Therefore, controls could be chosen in
the same dish as the irradiated cells. Further, having controls appointed at the
same time as cells were irradiated reduced bias for control cells by allowing both
cells to be at equivalent maturity when marked on the grid. Selected cells were
indicated on a grid for later follow-up. Cells were imaged at 4, 12, 24, and 36
hours using a 40 X objective on a Zeiss 400M microcope with Axiovision
software for image capture. Cell imaging times were based on the process of
neurite outgrowth. To maintain thoroughness in the procedure, imaging was
performed at the same times for viability assessment. See section 4.7 for further
explanation of image time selection. At 4, 12, and 24 hours, viability was assessed
by cell observation. Dead cells were distinguished by the appearance of a
deteriorated neuron with a visibly compromised membrane. Since colorimetric
viability assessment is an endpoint assay, it was exclusively performed at the
endpoint of observation time. Additionally, Calcein AM and Ethidium
Homodimer-1 were selected as indicator stains due to their combined effect of
viewing both living cells by Calcein AM and cells with compromised membranes
(dead or dying). Viability was assessed at 36 hours by replacing the neuron
culture media with 100 µL of the Live/Dead Viability/Cytotoxicity Kit
(Molecular Probes), which is a mixture of Calcein AM and Ethidium Homodimer.
Cells flouresced green to demonstrate live status and red to demonstrate dead
status. Cells were imaged using a 40 X objective on a Zeiss 400M microscrope
using fluorescence with FITC and rhodamine filters. Experiments were performed
in triplicate. To assess each experiment, the total number of living cells was
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divided by the total number of cells chosen per condition (control or laser
irradiated) and multiplied by 100. This gave the percentage of viable cells per
dish. The number of cells represented was indicated by an n value. Viability
percentages were averaged for dishes with consistent cultures.

Functionality Procedure
The functionality experiments were performed exactly the same as the
viability experiments with exception to imaging. Cells were imaged at 4, 12, 24,
and 36 with a 40 X objective on a Zeiss 400M microscope with Axiovision
software for image capture. Image times of 4, 12, 24, and 36 hours were selected
based on the process of neurite outgrowth. Neurons have minimal outgrowth at 4
hours; however neurons are subject to slight location shifts over time. To allow
measurement of minimal outgrowth and to improve cell tracking, cells were
imaged at 4 hours. Moderate outgrowth is achieved at 12 hours and well extended
outgrowth is typically observed at 24 hours. Increasing the observation further to
36 hours supplies a further increase in outgrowth and gives a view of the
functionality and viability together as the cells have survived and grown neurite
extensions. Neurite extensions were applied as an index for functionality since
neurons tend to grow extensions towards neighboring neurons. Establishment of a
medium density random neuron cultures produces extensions with reasonably low
standard error. This allows the neuron function of extending to other neurons to
communicate to be evaluated based on neurite outgrowth. Since neurite
outgrowth was the object of interest for these experiments, phase images were
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captured and neurite outgrowths were measured using Axiovision software and
recorded into Excel. Experiments were performed in triplicate. To assess each
experiment, neurite outgrowths were averaged for all dishes for controls and laser
irradiated cells.

Statistics
Statistical significance was established by applying Student’s t-test. Statistical
significance was defined by p values less than 0.01, which is a typical value for
biological statistics application. [94]

Comet Setup
The COMET assay has a series of consistent steps: 1) gel/cell mixture and
placement on a slide following treatment 2) cell lysis 3) DNA unwinding 4)
electrophoresis 5) neutralization 6) staining 7) imaging and 8) image analysis.
However, numerous variations exist between the protocols used by different
investigators. Therefore, the first step in developing my comet setup was to
develop a general comet protocol and visually compare the results of it to
standard results achieved by previous investigators. Achievement of results
equivalent to standard results was necessary to prove the general comet assay was
performed correctly prior to modifications. The main complications of the general
comet assay were that viewed samples were composed of cells pretreated in bulk
and that cells were mixed with agarose gel prior to placement on a standard
microscope slide. Modifications of containment structure and gel layering were
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implemented to overcome these obstacles. Following initial modifications of
structure and gel layering, additional conflicts related to layering of gels and
maintenance of cell positioning emerged. An additional discrepancy between the
protocols concerned the type of gel used. The first publication used high
resolution agarose (HRA) whereas many investigators used normal melting
agarose (NMA). To determine if a resolution difference exists between the gel
types, both were applied under general and modified comet conditions and
compared based on comet parameters to assess if a significant difference in gel
resolution occurred. The modified comet assay was applied for positive and
negative controls between gel types and for cells irradiated by our laser at 800
nm, for 100 mW and 60 s.

Develop General Comet Protocol
Although the COMET assay has been used since its development in 1988,
investigators use no standard method. (See Appendix D) The comet method used
for these experiments was developed by assessment of existing protocols and
applying the most commonly applied methods from the existing protocols. The
general process starts with coating slides with an initial agarose layer. Next
treated cells are mixed with agarose (1:4) and the solution is placed onto a slide
for a concentration of 1 x 105 cells per slide. A third gel layer is added to cover
the cell/gel mixture layer creating an agarose sandwich. Once solidified, cells are
lysed for 1-2 hours. Following lysis, slides are placed in electrophoresis buffer to
unwind for 1 hour after which, the slides are electrophoresed for 30 minutes at 18
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V, 300 mA. After elecrophoresis, samples are neutralized and stained with
Ethidium bromide. Finally, samples are imaged with a 40 X long working
distance objective on a Zeiss 400M using florescence with a rhodamine filter.
Following imaging comets were imaged using AutoComet Software. (See
Appendix E for complete initial protocol) Known cell damage experiments, such
as, UVA irradiation, were used as controls to test the assay.

Protocol Modifications
The general comet method had two key problems that required modification
to assess DNA effects on laser micropatterned cells: visualization of bulk
pretreated cells with a damaging agent and the cell/gel mixture prior to placement
on a slide. In the general comet method, treatment of cells for the general assay
was performed on a bulk set of cells, cells were mixed with agarose gel, and
cell/gel mixture was added to a slide between two layers of agarose. Laser
treatment of the cells involves a low number of cells over a reasonably lengthy
time span (half an hour for 25 cells) and identification of the laser irradiated cells
is possible only by tracking cells over time. An enclosed structure with tracking
capability in the form of a PDMS well with a gridded coverslip for the base was
incorporated to adapt the comet assay to assess individually treated cells.
The general method allowed visualization of individual cells. However, the cells
were embedded on a standard microscope slide, which prevented tracking of
specific individual cells following treatment with an agent exposed to specific
cells. To enable cell tracking beyond the gridded coverslip, the cell/gel mixture
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required modification since cells could not be removed from grid positions if they
were to be tracked. The initial solution to this problem was to convert the cell/gel
mixture layer into three separate layers of gel, cells, and gel. This three-layer
sandwich within the sandwich allowed cells to be contained within the gels
without mixing the cells within the gel.
Following initial modifications, additional complications were identified. The
first modification related to geometric incompatibility and cell tracking. This
modification started with inclusion of a PDMS well with a gridded glass coverslip
base. (See Figure 4.2) The initial PDMS well design (see well to left in Figure
4.2) was used previously for cell patterning and allowed a 9 mm diameter hole for
cell positioning. Since cells located near the edge of the gel were not usable for
the comet assay, the well region was modified to maximize the gel region to a 15
x 15 mm square (see well to right in Figure 4.2). Additionally, PDMS was
difficult to mark and maintain markings throughout the process of the comet
assay. Therefore, colored rubber strips were cooked into the membranes to create
distinct markers for running the gels under differing parameters, such as, gel type
and treatment method (see well to right in Figure 4.2).
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Figure 4.2. Modified PDMS well for comet assay

After modification of the well, the next difficulty was controlling the
thickness of the agarose gels. For the general comet assay, coverslips were used to
flatten the gels on the slides. The advantage of the flat gel is that it allows comets
to be imaged more clearly by decreasing the planes for the cell to be embedded.
Gel thickness for the modified comet assay was controlled by restricting the initial
and final gel layers to 180 µL, and the middle layers to 80 µL of agarose gel. The
gels were flattened in the center by 9 x 9 coverslips to improve imaging.
The next consideration was achieving normal cell impact from the laser.
Previously, a comet assay attempt was made using a broad diameter laser beam to
sweep cells embedded in agarose gel. [35] However, the gelled agarose
suspension creates diffraction of the laser beam. Therefore, it was important to
manipulate the cells within media before applying the cover gel layer for the
middle sandwich. However, this method was not completely effective. When
trying to place gels on agarose between agarose lasers, the cells did not stick to
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the surface. Instead, the cells slid along the slick agarose layer. To reduce cell
motion, a PDMS film with micron scale holes was placed on the gel surface to
provide texture. This was somewhat effective; however, the cells still moved out
of position when the cover gel layer for the middle sandwich was added.
Therefore, I decided to try adding cells on top of a liquefied middle gel base layer.
The cells were manipulated into position by the laser and the middle gel base
layer was maintained in a liquefied state for the manipulation via a heat blower.
Since the middle gel layer was composed of low melting point agarose, the gel
was able to maintain a liquid form without inducing heat shock to cells if the heat
blower was maintained at a constant temperature of 39°C. After cell positioning,
the heat blower was turned off and the gel layer cooled to a solid causing the cells
to be trapped into position within the top of the agarose gel layer. The cover layer
was applied after the gel layer cooled for about two minutes and the cells
maintained their positions.

HRA versus NMA Resolution Qualities
Due to the difference in gel types used between investigators, both HRA and
NMA gels were applied to both the general comet assay and the modified comet
assay. Aside from the gels being different agarose mixtures, they were applied at
different concentrations.
The HRA gel type was 3:1 low melting point agarose (LMPA) mixed at 1% in
0.1 M PBS for all three gel layers, with the middle layer containing cells and gel
mixed (1:4, respectively). The normal agarose gel was most commonly applied in
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concentrations of 0.7% normal melting agarose (NMA) in 0.05 M phosphate
buffered saline (PBS) for the base layer, followed by 1% NMA in 0.1 M PBS
mixed with cells in the middle (4:1, respectively), and 1% low melting point
agarose (LMPA) in 0.1 M PBS for the top layer.
To determine if a resolution difference exists between the gel methods, both
were applied under general and modified comet conditions and compared based
on the comet parameters of tail length (the length of migrated DNA from the
head) and % DNA in tail (fluorescent intensity in tail/total fluorescent intensity in
head and tail x 100%) to assess if a significant difference in gel resolution
occurred. Gel resolutions were compared for negative controls of no irradiation
and positive controls of 5 minutes of UVA irradiation with 15 minutes repair time
for both HRA and NMA gel types under general and modified comet conditions.

Modified Comet Protocol
The modified comet protocol changed the containment and gel-layering
procedure of the general comet protocol to achieve tracking of specific
individually treated cells. The modified comet protocol used the same process for
lysis, electrophoresis, neutralization and staining as was used for the general
comet assay protocol. The modified containment protocol is outlined in Figure
4.3. The first step was to create a modified PDMS stencil and affix a gridded glass
coverslip to the base using silicon glue. (See Figure 4.3.1.) The glue was cured for
12 hours prior to use of the well. When ready to perform the comet assay, an
initial layer of 180 µL of agarose was placed into the well. (See Figure 4.3.2) As
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the agarose started to solidify (after about 30 seconds), a 9 x 9 mm coverslip was
placed in the center of the gel to flatten the base layer. After the agarose had
completely solidified (2 to 3 minutes), lysis solution was prepared, covered and
refrigerated at 4°C. Next, the cells were prepared, counted, and concentrated 2 x
105 cells per 80 µL media. The cell concentration was increased due to the size of
the neurons and the desire to have a high availability of cells for positioning. Due
to the small size of the neurons, this concentration did not typically cause
overlapping comets. The gel was liquefied for use with the second layer of
agarose and the heat source was turned on at the laser area. From this point, light
exposure was minimized by wrapping cells in foil or an alternate covering to
reduce damage effects due to fluorescent lighting. The liquefied gel was added to
the well when it was no longer hot to the touch (about 45°C) and placed on the
mount at the laser setup to maintain a temperature of about 39°C to keep the gel
molten. After giving the gel time to adjust in temperature (about a minute), 80 µL
of cells were added on top of the molten gel. Adding less than 80 µL of cell
suspension does not allow enough media for the cells for the time of laser
micropatterning. At this point, either the cells were left untreated, treated with 5
minutes of UVA irradiation, or remained on the platform for laser
micropatterning. For the case of no irradiation, the cells sat in the dark for five
minutes. In the case of UVA irradiation, cells were placed under a black light
UVA lamp that had been emitting UVA for five minutes to allow it to stabilize.
The cells sat under the stabilized radiation for five minutes and then were
removed from the lamp area to sit in the dark for 15 minutes to allow the cells to
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begin repair so that the DNA damage would be visible. The wells for cells that
were laser micropatterned remained on the stage at the laser setup and cells were
manipulated to specific grid locations, which were recorded in the form of a
sketch for future tracking. For each well, about 15-25 cells were manipulated
using laser settings of 800 nm, 100 mW, and 60 s exposure time. After
micropatterning, the heat source was disconnected to allow the gel to solidify and
trap the cells into position. After each respective exposure or lack thereof was
complete, the cover layer of 80 µL of gel for the middle agarose sandwich layer
was added at around 39°C. (See Figure 4.3.4.) After the third agarose layer
solidified, a final agarose layer was added and permitted to solidify (2-3 minutes).
(See Figure 4.3.5.)

Figure 4.3. Modified Comet Protocol. 1. Modified PDMS well, 2. Add first
agarose layer, 3. Add 2nd agarose layer followed by cell media layer, 4. Add 3rd
layer of agarose,
5. Add final agarose layer

Following solidification of agarose layers, the wells were placed into lysis
solution for a minimum of 1 hour. It may be noted that cells may be maintained in
lysis solution for a period of days without affecting the results. During the lysing
process, electrophoresis buffer was mixed and chilled at 4°C for at least 30
minutes prior to removal of wells from lysis solution. Unwinding, electrophoresis,
and neutralization were all conducted in a cold room maintained at 4°C.
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Following lysis, well were placed into an electrophoresis tank and electrophoresis
buffer was added to cover the wells. Samples remained in electrophoresis buffer
for one hour to unwind prior to electrophoresis. After unwinding the
electrophoresis power supply was set to 18 V, 300 mA for 30 minutes. When
electrophoresis was complete, wells were removed from the electrophoresis tank
and placed in a slide-staining tray. A few drops (3-5) of neutralization buffer were
added to each well, allowed to sit for 5 minutes, drained, and repeated 3 times to
neutralize each sample. At this point, samples were typically stored at 25°C
overnight in an incubator with water under the samples to prevent dehydration.
Samples could be stained prior to storage or just before imaging. To stain, 80 µL
of 1X Ethidium bromide was added to each well for five minutes. Wells were
dipped in chilled distilled water and then maintained in chilled distilled water
until imaged. Samples were imaged using a 40X long working distance objective
on a Zeiss 400M microscope with Axiovision software for image capture and
fluorescence with a rhodamine filter to view the stained comets. Additionally, it
was found that the addition of about 0.2 mL of distilled H2O to the top of the gel
when imaging created a clearer image. This is likely because the gel was
prevented from evaporating, leading to equal moisture throughout the gel for all
comets that were imaged.

Analysis
AutoComet software was applied to analyze the comets and was calibrated
based on a 40X objective image of a micrometer. To assess each comet, the comet
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image was rotated, such that, the head of the tail was to the left of the image and
the comet tail pointed to the right of the image. If the comet was otherwise
positioned, the AutoComet software generated faulty data. For each image, the
background was adjusted to be black to reduce background fluorescence. The
software was shifted to amplify the fluorescent intensity within the image.
Individual comets were identified by drawing a box around them and selecting the
center of the comet head. Based on this information, the software calculated the
comet parameters and generated output in a text file for later analysis. The comet
parameters output were comet length, comet height, comet area, comet intensity,
comet mean intensity, head diameter, head area, head intensity, head mean
intensity, % DNA in head, tail length, tail area, tail intensity, tail mean intensity,
% DNA in tail, tail moment, and Olive moment. (See Figure 4.4) Most of the
parameters are self-explanatory and clearly indicated in Figure 4.4, such as, comet
length, which is the total length of the comet. Other parameters are calculated
values and require further explanation, namely, % DNA in head, % DNA in tail,
tail moment, and olive moment. Percent DNA in head is the head intensity/total
comet intensity x 100%. The percent DNA in tail is the tail intensity/total comet
intensity x 100%. The tail moment is the tail length x % DNA in tail/100. The
Olive moment is the (tail mean intensity – head mean intensity) x % DNA in
tail/100. Among this multitude of output parameters only a few provide useful
information. To understand which parameters contribute useful information, the
come image must be explained. The head is indicated by the brightly fluorescing
round region and is the nucleoid, which is composed of unbroken DNA. The tail
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is the region to the right that spreads away from the head and is composed of
broken, migrated DNA strands. The most useful information about comet damage
lies in the tail length and intensity of fluorescence in the tail relative to the rest of
the comet (% DNA in tail) since these two parameters reveal the extent of DNA
migrated and the extent of damaged versus undamaged DNA. Therefore, to
analyze the comet damage, tail length and % DNA in tail were the only
parameters compared. To assess statistical significance, student’s t-test was
applied to the data with a p value of less than 0.01 selected to be statistically
significant.

Figure 4.4. Comet Analysis [95]
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CHAPTER FIVE
RESULTS

Viability and Functionality
Poly-L-Lysine (PLL) is a typical substrate coating for cell culture that has
been applied to neuron culture. An alternative substrate coating, L1, has been
specifically designed for neuron cultures. To compare the effectiveness of PLL as
compared to L1 and to determine the optimal L1 concentration for use with
neuron cultures, neurite outgrowth at 24 hours was compared between the
cultures. For each condition, a minimum of 25 cells were imaged using a 40X
objective on a Zeiss 400M microscope. The results (shown in Figure 5.1)
represent the average neurite outgrowth per condition with bars indicating
standard error. These results indicate no significant difference between 0.1% PLL
(the typical concentration applied for cell cultures), 1 µg/mL L1, and 5 µg/mL L1.
However, a statistically significant difference was observed between the 0.01%
PLL, 1 µg/mL L1, and 5 µg/mL L1 cultures and the 10 µg/mL L1 and 50 µg/mL
L1 cultures. There was no statistically significant difference between neurite
outgrowths for cells cultured on 10 µg/mL L1 and 50 µg/mL L1. Therefore, it was
concluded that for low concentrations of L1 (5 µg/mL or less), there is no
difference in using L1 or PLL. However, neurite outgrowth was enhanced for 10
µg/mL L1 and 50 µg/mL L1 coated cultures above use of low L1 concentrations
and PLL at least for the short range of 24 hours. To enhance short-term neurite
outgrowth, 10 µg/mL L1 or 50 µg/mL L1 were demonstrated to outperform
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traditionally used PLL. Further, since no significant difference existed between 10
µg/mL L1 and 50 µg/mL L1 neurite outgrowths, a coating of 10 µg/mL L1 was
shown to be the optimal concentration for short-term neurite outgrowth.

Comparison Between PLL and L1 concentrations Effect on Neurite Outgrowth
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Figure 5.1 Neurite Outgrowth Comparison of L1 concentrations to PLL

Cell viability was assessed based on the percentage of selected cells per dish
that remained viable at 4, 12, 24, and 36 hours. The percent viability indicated in
the results (shown in Figures 5.2-5.7) represents the average viability per dish
with bars indicating standard error. Averages that have no apparent standard error
bars had standard errors equal to 0. Since typical parameters for laser
micropatterning are 100 mW intensity, 800 nm wavelength, and 60 s exposure
time, a minimal exposure was tested at 10 s and 100 mW with 800 nm
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wavelength. Since 800 nm had been demonstrated by previous research to inflict
minimal cell damage, the wavelength for all experiments was held constant at 800
nm. To examine potential effects of increased intensity and exposure time of laser
micropatterning on cells, viability was assessed at 100 mW, 200 mW, and 300
mW for 10 s and 60 s exposure time per intensity. Results are shown in order of
increasing exposure time and increasing wavelength. In ascending order, no
stastically significant difference was observed for controls and cells exposed to
10s and 100 mW, 60 s and 100 mW, 10 s and 200 mW, 60 s and 200 mW, 10 s
and 300 mW, or 60 s and 300 mW. All p values were much greater than 0.01.
This demonstrates that for the parameters tested, no threshold was found to induce
statistically significant cell death for laser irradiated cells as compared to control
cells that were not irradiated.

Figure 5.2 Percent Viability for Controls versus Cells Irradiated for 10 s with 100
mW intensity at 800 nm wavelength
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Figure 5.3 Percent Viability for Controls versus Cells Irradiated for 60 s with 100
mW intensity at 800 nm wavelength

Figure 5.4 Percent Viability for Controls versus Cells Irradiated for 10 s with 200
mW intensity at 800 nm wavelength
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Figure 5.5 Percent Viability for Controls versus Cells Irradiated for 60 s with 200
mW intensity at 800 nm wavelength

Figure 5.6 Percent Viability for Controls versus Cells Irradiated for 10 s with 300
mW intensity at 800 nm wavelength
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Figure 5.7 Percent Viability for Controls versus Cells Irradiated for 60 s with 300
mW intensity at 800 nm wavelength

Exterior cell functionality was assessed by measurement of neurite outgrowth
at 4, 12, 24, and 36 hours for controls cells and cells irradiated at 100 mW, 200
mW, 300 mW for 10 s and 60 s exposure times. Results (shown in Figures 5.85.13) indicate the average neurite outgrowth per condition with bars
demonstrating standard error. Figures are presented in ascending order of laser
exposure time and intensity. For the cases of 100 mW for 10 s, 100 mW for 60 s,
200 mW for 10 s, 200 mW for 60 s, 300 mW for 10 s, and 300 mW for 60 s no
statistically significant difference was observed with all p values > 0.01. It is
interesting to note that the maximum intensity and exposure time of 300 mW for
60 s produced a p value of 0.06 at 24 hours whereas the next lowest p values were
demonstrated at 200 mW for 60 s and 100 mW for 60 s with p values of 0.1 at 24
hours.
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This indicates that while no significant difference occurred, a longer exposure
time could induce a statistically significant difference in neurite outgrowth. It is
also noteworthy that cells exposed to 300 mW of laser irradiation for 60 s did not
experience decreased neurite outgrowth as compared to control cells but rather
demonstrated increased neurite outgrowth in response to laser irradiation.

Figure 5.8 Comparison of Neurite Outgrowth for Controls versus Cells Irradiated
for 10 s with 100 mW intensity at 800 nm wavelength
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Figure 5.9 Comparison of Neurite Outgrowth for Controls versus Cells Irradiated
for 60 s with 100 mW intensity at 800 nm wavelength

Figure 5.10 Comparison of Neurite Outgrowth for Controls versus Cells
Irradiated for 10 s with 200 mW intensity at 800 nm wavelength
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Figure 5.11 Comparison of Neurite Outgrowth for Controls versus Cells
Irradiated for 60 s with 200 mW intensity at 800 nm wavelength

Figure 5.12 Comparison of Neurite Outgrowth for Controls versus Cells
Irradiated for 10 s with 300 mW intensity at 800 nm wavelength
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Figure 5.13 Comparison of Neurite Outgrowth for Controls versus Cells
Irradiated for 60 s with 300 mW intensity at 800 nm wavelength

Comet Assay
To evaluate the DNA damage of cells irradiated by our laser setup, the general
comet assay required significant geometric and agarose layering adaptations. Prior
to any adaptations, the first step towards modifying comet was to verify normal
results by using the general comet assay. After assembling a general comet
protocol based on the techniques most commonly employed, the general comet
assay was performed using non irradiated cells a negative control to demonstrate
minimal cell damage and cells irradiated for five minutes with a UVA lamp and
permitted to repair for 15 minutes for a positive control to demonstrate significant
DNA damage. The results are shown in Figure 5.14 and may be visually
compared to Figure 2.11. These results demonstrate minimal DNA damage as
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reflected by the leftmost image and significant DNA damage as indicated by the
rightmost image. The image results are comparable to status 0 for the Figure 5.14
a, and status 4 for Figure 5.14 b as evaluated by the visual scoring standard. This
demonstrated that I produced typical results for the general comet assay.

Figure 5.14 Results from General Comet Assay Performance. a) negative control
cell, exposed to no irradiation, b) positive control cell, exposed to 5 minutes UVA
irradiation and allowed 15 minutes of repair time

After verifying reliability in use of the general comet assay, multiple
modifications were made to enable tracking of specific treated cells. Due to
inconsistency between methods, two gel types were applied during the
modification process, high resolution agarose (HRA) and normal agarose (NMA).
To determine if a resolution difference existed between the two gel methods, both
the high resolution agarose gel method and normal agarose gel method were
applied to the general comet assay (on slides) and the modified comet assay (in
wells). To quantify the differences between gel types, AutoComet software was
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applied to compare positive and negative controls for HRA and NMA gels and to
compare the gels to one another. The gel resolutions were evaluated based on
migration of DNA within the gel as assessed by tail length and % DNA in tail.
The results indicate the average tail length and average % DNA in tail for the
imaged comets with bars indicated standard error. The results of the positive and
negative control comparison of HRA gels on slides (shown in Figures 5.15 and
5.16) demonstrated statistically significant differences for tail length and % DNA
in tail with a p values much less than 0.01. This indicates a difference in
migration capability for damaged and undamaged DNA. The results of the
positive and negative control comparison of NMA gels on slides (shown in
Figures 5.17 and 5.18) demonstrated no significant difference (p>>0.01) in tail
length but possessed a significant difference (p<0.01) in percent DNA in tail.
Observation of the average values reveals that the negative and positive controls
migrated the same extent. Further, the extent of migration for DNA as evaluated
by tail length in NMA on slides was between the migration lengths demonstrated
by either non irradiated or UVA irradiated cells in HRA gels on slides.
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Figure 5.15 Tail Length Comparison Between Non Irradiated and UVA Irradiated
High Resolution Agarose Gels on a Slides

Figure 5.16 Percent DNA in Tail Comparison Between Non Irradiated and UVA
Irradiated High Resolution Agarose Gels on a Slides
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Figure 5.17 Tail Length Comparison Between Non Irradiated versus UVA
Irradiated Normal Agarose on Slides

Figure 5.18 Percent DNA in Tail Comparison Between Non Irradiated versus
UVA Irradiated Normal Agarose on Slides
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To further observe the differences between HRA and NMA gel results, UVA
irradiated and non irradiated samples were compared between the two gels. Tail
length comparison and % DNA in tail (shown in Figures 5.19 and 5.20,
respectively) demonstrate no significant difference in migration for UVA
irradiated samples. However, comparison between non irradiated samples (shown
in Figures 5.21 and 5.22) indicated statistically significant differences between
samples in HRA and NMA gels. Observation of average tail length values depicts
that the NMA samples migrated 3 times farther. This is reiterated by the % DNA
in tail, which for NMA samples is over 4 times greater than that of HRA samples.
This could indicate that the NMA samples are over electrophoresed causing
saturated migration of samples.

Figure 5.19 Tail Length Comparison Between UVA Irradiated High Resolution
Agarose versus Normal Agarose Gel on Slides
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Figure 5.20 Percent DNA in Tail Comparison Between UVA Irradiated High
Resolution Agarose versus Normal Agarose Gel on Slides

Figure 5.21 Tail Length Comparison Between Non Irradiated High Resolution
Agarose versus Normal Agarose Gels on Slides
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Figure 5.22 Percent DNA in Tail Comparison Between Non Irradiated High
Resolution Agarose versus Normal Agarose Gels on Slides

Both HRA and NMA gels were tested in wells for the modified comet assay to
assess the effect of the new method on comet results. For HRA gels in wells, there
was a statistically significant difference (p<<0.01) between non irradiated and
UVA irradiated gels for both tail length and % DNA in tail. (See Figures 5.23 and
5.24) This demonstrates that the HRA gels are effectively providing a difference
in resolution between cells with damaged and undamaged DNA. The modified
comet assay results for NMA gels (shown in Figures 5.25 and 5.26) revealed a
statistically significant difference (p<<0.01) for both tail length and % DNA in
tail. This established that NMA gels were also effective at producing sufficient
resolution of migration for the modified comet assay. The difference in resolution
of the NMA gels within the wells as compared to being on slides could be
explained by the presence of the PDMS well. Due to the well increasing the
resistance and decreasing the flow current, migration would be expected to be
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inhibited. This is demonstrated in all of the samples by lower migration values in
terms of tail length and % DNA in tail for the modified comet assay as compared
to the general comet assay. Migration may be increased by an increased
electrophoresis time; however, since the resolution achieves desirable results, the
electrophoresis time of 30 minutes is sufficient. After confirmation of both gel
types being effective for the modified comet assay, HRA was selected as the gel
method to use for continued use with the modified comet assay. This selection
was based on the higher migration distances of the HRA gel as compared to the
migration of the NMA gel. Additionally, the established HRA gel method allowed
for use of low melting point agarose gel for the cell/gel mixture, whereas the
normal agarose gel had a higher melting point agarose gel mixed with the cells.
The conflict for this related to maintaining the gel in a liquefied state without
inducing heat shock to micropatterned cells. It was possible to achieve the
liquefied state of gel for micropatterning at a temperature suitable for cells by
using the HRA gels.
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Figure 5.23 Tail Length Comparison Between Non Irradiated versus UVA
Irradiated High Resolution Agarose Gels in Wells

Figure 5.24 Percent DNA in Tail Comparison Between Non Irradiated versus
UVA Irradiated High Resolution Agarose Gels in Wells
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Figure 5.25 Tail Length Comparison Between Non Irradiated versus UVA
Irradiated Normal Agarose Gels in Wells

Figure 5.26 Percent DNA in Tail Comparison Between Non Irradiated versus
UVA Irradiated Normal Agarose Gels in Wells
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After resolving to use HRA gel for the modified comet assay, the assay was
applied to assess laser irradiated cells. To assess the effect of the laser on
micropatterned cells, comets were compared by tail and % DNA in tail to UVA
irradiated and non irradiated cells in HRA gel in wells. The results of comparing
the UVA irradiated cells to the laser irradiated cells (shown in Figures 5.27 and
5.28) demonstrated a significant difference between laser irradiated and UVA
irradiated cells. Further, inspection of the average values shows that the tail length
and % DNA in tail are much longer and higher, respectively. This reveals that
DNA damage induced by the laser is much less than the DNA damage induced by
UVA irradiation. Comparison of the non irradiated cells to the laser irradiated
cells (shown in Figures 5.29 and 5.30) shows no significant difference (p<0.01)
between laser irradiated and non irradiated cells for both tail length and % DNA
in tail. This reveals that the DNA damage inflicted by the laser at 100 mW for 60
s is comparable to the damage observed in non irradiated cells. Therefore, the
DNA damage inflicted by the laser at typical micropatterning parameters induces
minimal DNA damage.
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Figure 5.27 Tail Length Comparison Between Laser Irradiated High Resolution
Agarose and UVA Irradiated High Resolution Agarose in Wells

Figure 5.28 Percent DNA in Tail Comparison Between Laser Irradiated High
Resolution Agarose and UVA Irradiated High Resolution Agarose in a Membrane
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Figure 5.29 Tail Length Comparison Between Laser Irradiated High Resolution
Agarose and Non Irradiated High Resolution Agarose Gels in Wells

Figure 5.30 Percent DNA in Tail Comparison Between Laser Irradiated High
Resolution Agarose and Non Irradiated High Resolution Agarose in Wells
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CHAPTER SIX
DISCUSSION

Viability and Functionality Experiments
L1 was applied as a surface coating at varied concentrations to assess its effect
on neurite outgrowth. The L1 concentrations were compared to the commonly
used coating of PLL via average neurite outgrowth at 24 hours. Comparison of L1
concentrations of 1 µg/mL, 5 µg/mL, 10 µg/mL, and 50 µg/mL to the typical
concentration of 0.1% PLL revealed no statistically significant difference between
PLL, 1 µg/mL L1 and 5 µg/mL L1. No significant difference was found between
neurite outgrowth for concentrations of 10 µg/mL L1 and 50 µg/mL L1.
However, there was a statistically significant difference between the neurite
outgrowth measured for the PLL, 1 µg/mL L1 and 5 µg/mL versus the 10 µg/mL
and 50 µg/mL L1 coatings. The 10 µg/mL and 50 µg/mL produced significantly
greater outgrowth lengths than that of the PLL and the lower concentrations of
L1. Based on these results, it may be concluded that for low concentrations of L1
(5 µg/mL or less), PLL coating yields equivalent outgrowth. However, to increase
short-term outgrowth it is shown that the optimal L1 concentration for coating is
10 µg/mL since it produces a significantly longer outgrowths than PLL and lower
concentrations of PLL (less than 5 µg/mL) and yields no significant difference in
outgrowth compared to higher concentrations of L1, such as, 50 µg/mL.
The results for the viability experiments showed no significant difference between
any of the applied laser parameters and the corresponding controls. This was
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evaluated by Student’s t-test with statistically significant differences defined for
p<0.01. This indicates that direct induction of cell death due to laser
micropatterning is not statistically likely for parameters up to 300 mW, 800 nm
for exposure times of 60 s. Further, since our laser setup is optimally focused at
intensities less than 400 mW, it is not likely to be capable of inducing cell death
for higher intensities.
The neurite outgrowth measurements for assessment of functional effects
demonstrated no statistically significant difference for any of the tested
parameters. For the groups exposed to 100 mW intensity, the p values for the 60 s
exposure were all greater than 0.1 and the p values for 10s exposure were greater
than 0.35. For the groups exposed to 200 mW intensity, the p values for the 60 s
exposure time were greater than 0.1 and the p values were greater than 0.2 for
cells exposed for 10 s. Groups exposed to 300 mW intensity showed p values just
over 0.05 for 60 s exposure and p values greater than 0.3 for 10 s exposure. This
lowering trend of p values with increased exposure time and intensity suggest that
neurons are being affected by the laser on a slight level that increases with time
and intensity. Since the laser is normally used to pattern cells at around 100 mW
intensity for a time frame of about one minute, these results suggest that laser
micropatterning does not disrupt the function or viability of patterned cells.
Further the effect observed at 300 mW, 60 s indicated that the neurons were
positively affected by laser exposure, in that, the neurite outgrowth increased with
just over a 94% confidence level. This result is similar to that observed by Amat,
Stevenson, Moore, and Ehrlicher, in which, a laser was applied near a neuron [96,
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97], or near ruffling lamellipodia of a neuron [98] and was shown to be capable of
enhancing and directing the angle of outgrowth [96-98]. The precise mechanism
for optically guided neuronal growth is proposed to be stimulation of metabolic
processes that lead to enhanced functional mechanisms. The result differs from
previous observations, in that, controlled outgrowth was induced by focus of the
laser beam near the neuron or outgrowth rather than direct contact induced
outgrowth.

Comet Experiments
The first step to assessing laser irradiation damage to micropatterned cells was
to confirm capability of performance of the general comet assay. Verification of
performing the comet process effectively was completed by visual comparison of
positive and negative control samples to the established control samples for visual
comet scoring. The positive control selected was five minutes of UVA irradiation
followed by 15 minutes of repair time to allow maximum visualization of DNA
damage. The negative control was selected to be no irradiation of cells. It is
important to note that irradiated samples still displayed a minimal amount of
DNA damage. This result is typical since cells are exposed to ambient and
fluorescent light during the process of cell procurement. Minimal damage for non
irradiated cells is also desirable as it gives a physical value to compare to
damaged DNA rather than zero.
Next, the assay was analytically confirmed by demonstrating a statistically
significant difference between the positive control of UVA irradiated cells and the
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negative control of no irradiation. Variations in previous investigations raised a
question of resolution quality between using high resolution agarose and normal
agarose gels. The two gel conditions were compared on slides following no
irradiation and five minutes UVA irradiation. A significant difference was found
between UVA irradiated and non irradiated samples in HRA gel on slides for both
tail length and percent DNA in tail. However, no significant difference was found
between UVA irradiated and non irradiated samples in NMA gel on slides for tail
length, while a significant difference was found for percent DNA in tail.
Comparison between the gel types showed no significant difference in HRA and
NMA gels samples that were UVA irradiated. However, a significant difference
was observed between HRA and NMA gels that were non irradiated.
It may seem that non irradiated cells would have the same migration of DNA
regardless of gel type. However, a lack of irradiation does not imply that no strand
breaks occur. Instead, it implies that a minimal amount of strand breaks occur due
to natural light and normal processes within cells. The next step was to assess the
sample migration within the two gels within the wells for the modified comet
procedure. The high resolution agarose gel samples in wells had a statistically
significant difference p < 0.1 for both tail length and percent DNA in the tail.
Interestingly, a significant difference was observed when the UVA irradiated and
non irradiated were compared for normal agarose samples for both tail length and
percent DNA in tail. The variations between migrations could likely be further
improved by increasing electrophoresis time. It appears as though the normal
agarose nearly saturated itself in migration during slide conditions and the high
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resolution gel did not, making it possible that the PDMS stencil/membrane around
the gel sample reduced the flow of migration for both gels. This mechanism likely
led to reduced migration and increased resolution for the NMA gels. Observation
of reduced migration in the HRA gel samples serves to confirm PDMS
stencil/membrane surrounding the gel sample reduced current flow and DNA
migration. Cells were successfully contained within the gels in the membranes
using one layer of HRA gel that solidified, adding warm HRA gel to the solidified
gel and maintaining heat at around 39°C and adding cells on top of the molten
gel. Cells were manipulated, mapped to the grid, and covered in warm HRA gel.
Once this sandwich was solidified, a fourth HRA gel layer was added to reduce
chances of cell escape due to loss of gel in the handling process. Following the
comet process, laser cells were compared to cells in HRA gels contained in wells
that were exposed to no irradiation and to five minutes of UVA irradiation. The
laser irradiated cells showed a statistically significant difference (p<.01) when
compared to the UVA exposed membrane for the condition of percentage of DNA
in the tail and % DNA in tail. Comparison of the laser irradiated cells to the non
irradiated cells showed no significant difference in percent of DNA in the tail or
tail length (p>0.1). Based on the knowledge that no significant difference was
observed between the non irradiated cells and the laser cells and a significant
difference is shown between laser irradiated cells and UVA irradiated cells, it
may be inferred that no significant detectable DNA damage is inflicted by laser
micropatterning.
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CHAPTER SEVEN
CONCLUSIONS

The goals of this project were to determine viability and functional effects of
laser guidance on micropatterned cells and to modify the comet assay to develop a
suitable method for evaluate DNA damage in specific individual cells. An
alternative coating for neuron cell culture was explored and found capable of
optimal neurite outgrowth enhancement at a concentration of 10 µg/mL.
Additionally, the 10 µg/mL coating of L1 was found to produce a statistically
significant increase in neurite outgrowth in comparison to the typical coating of
0.1% PLL. Viability and functionality tests were performed at 100 mW, 200 mW,
and 300 mW at exposure times of 10s and 60s. The results of these experiments
demonstrated no significant difference in the viability of neurons as assessed by
membrane integrity by phase imaging and Live/Dead staining. There was also no
significant difference in the function of neurons as demonstrated by neurite
outgrowth. The modified comet assay was confirmed to be yielding normal results
for positive and negative controls by sight and quantitative analysis of tail length
and percentage of DNA in the tail. High resolution agarose was compared to
normal agarose and found to have a significant difference in migration of cell
DNA damage than normal agarose under the traditional comet process for the
applied electrophoresis conditions as evaluated by tail length and % DNA in tail.
The comet assay was modified by making it possible to see significant differences
between UVA irradiated and non irradiated cells within a well for cell
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containment as demonstrated by both high resolution and normal agarose
samples. Tracking capability was confirmed by laser micropatterning cells on top
of molten low melting point agarose and observing cells during micropatterning
and following the comet process via positions on a gridded coverslip that formed
the base of the well. This demonstrates that the modified comet assay is capable
of producing typical results and tracking individually treated cells for assessment
using the comet assay. Results for laser induced DNA damage suggested a
difference between the lased cells and UVA irradiated cells and no difference
between laser irradiated cells and cells subjected to no irradiation. As a result, the
modified comet assay demonstrates that no statistically significant DNA damage
is inflicted on laser irradiated cells. Thus, based on viability, exterior
functionality, and interior functionality experiment, laser micropatterning is a safe
and effective tool for the study of cell-cell interaction.
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CHAPTER EIGHT
FUTURE WORK

The cell functionality and viability results suggested that extended exposure
increased the statistical significance of damage. In light of this, future work could
explore longer exposure times for the 100 mW, 200 mW, and 300 mW of
intensity at 800 nm to determine if there is a limit of exposure time that
maximally influences cell outgrowth, exceeds the maximum of increased cell
outgrowth and negatively affects neuron function and/or viability. Further, it
could be interesting to assess functionality and viability using a cell type that does
not respond to electrical impulses to determine if the response of the neuron to
laser guidance is typical for other cell types. It would also be interesting to repeat
these experiments using 10 µg/mL of L1 as the substrate coating to see if the
combined effect of L1 with laser irradiation induced a greater increase in neurite
outgrowth than experienced by neurons on a PLL coating.
The comet assay modifications leave room for developments. A useful next step
would be to determine if increasing the electrophoresis time serves to generate
increased migration for samples embedded in HRA to generate improved
resolution. The length of electrophoresis time has been shown to vary among cell
types and the data suggest that a longer electrophoresis time for cells in high
resolution agarose may improve the resolution. A complication of the technique
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was keeping the gel molten without dehydrating the cell of media and inducing
heat shock. An improved method of heating for the chamber area would likely
serve to remove this problem. Additionally, observing alternate cell types and
their migration lengths could be useful to improving the modified assay and to
studying DNA damage effects induced by laser guidance.
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Appendix A
PDMS Well Protocol
I. Create PDMS stencils
1. Place a stirring tool, 10 mL syringe, silicon elastomer base, silicon
elastomer curing agent, and a medium sized weighboat in the chemical
hood.
2. Set scale with weighboat zeroed. Pour silicon elastomer base into
wieghboat as desired. (Remember not to exceed halfway due to time
required to cook to prevent overgelling, which leads to bubbles.)
3. Weigh new weightboat mass and since mixture is 10:1. Add 1/10 of
weight in Si elastomer curing agent using syringe
4. Stir mixture for ~ 15 minutes w/ stirring utensil
5. Place in dessicator to remove bubbles. This should take about 10
minutes. Can open and close valve to speed up process. Pressure ~ 760
Torr.
6. Once bubbles are removed, use 10 mL syringe to collect PDMS mixture
and add slowly into the mold. For the purpose of cell culture the mold
creates a PDMS stencil that is 18 x 18 mm square on the outside with a 9
mm diameter hole in the center and two airvents that are notched about
halfway through the structure. PDMS stencils for the comet assay
consisted of a mold that creates a PDMS stencil 18 x 18 mm square on the
outside with a 15 x 15 mm square hole on the inside.
7. Place mold on vortex for a few seconds to balance mixture in mold.
8. Place mold on hot plate at 175°C for 7-10 minutes.
9. Test firmness using forceps. When hardened, remove mold from hot
plate using forceps and hot mitt.
10. Rinse base under water to cool.
11. When cool remove screws, open mold using a small screwdriver
around the edge and remove the membrane.
12. Wipe remaining PDMS and water from mold. Be sure the mold is
thoroughly dry before adding fresh PDMS or bubbles will appear and the
gel will not completely harden.
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13. Replace screws and repeat steps 6 through 13 until out of PDMS
mixture.
14. When done, throw out the syringe (PDMS will dry up and make it
unusable) and the weighboat. Wipe off mold. Turn off hotplate.
II. Clean the coverslips
1. Remove 18 x 18 mm gridded glass coverslips from case and place in a
large weighboat with water and detergent. Place the coverslips along the
sides of the weighboat to keep coverslips separated. This reduces the
chance of coverslips sticking together and cracking when separated.
2. Individually rub coverslips in the detergent/water solution and rub
coverslips gently between two fingers.
3. Rinse coverslips with distilled water followed by ethanol and allow to
dry standing in an empty weighboat along the side.
III. Making the well
1. Remove excess PDMS from the stencil using a razor blade.
2. Place silicon glue on the rough side of PDMS stencil/membrane (the
portion opposite that touching the mold) and smear evenly using a 16gauge needle. Having the flat side on top improves the quality of the seal
for culturing cells.
3. Place a clean gridded coverslip etched side down onto the glue. To tell
which side is etched, look in the corner of the coverslip. The top left
corner of the etched side has a Belco glass symbol. It looks like a B. To
correctly glue the coverslip, be sure the B is in the top left corner and flip
the glass over to glue. When glued, the Belco symbol should be in the top
right corner.
4. Place glued PDMS stencils and coverslips between a Kimwipe, press
between two heavy objects (preferably catalogs not intended for future
use), and allow to dry overnight. Note: The Kimwipes are to prevent the
glue from sticking to the books.
5. The next day, carefully cut away Kimwipes using a razor blade.
6. Test seals by filling each well with distilled water and placing the wells
onto a dry paper towel. If the well leaks, set it aside and repair seal by
adding silicon glue to border of coverslip on the base. Allow glue to dry
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for at least 12 hours before retesting the seal. If no leakage occurs, seal
should be good and the well is ready to be cleaned.
IV. Cleaning the Wells
1. Place the wells into acetone for one hour. [Do not soak wells in
detergent and water. The pores in the PDMS absorb detergent, which
leaches back into cultures when cells are in the wells causing cell
detachment and death.]
2. Remove wells from acetone using forceps and place wells into ethanol
for 30 minutes.
3. Remove cells from ethanol in a cell culture hood and place onto
Kimwipes to dry.
4. Once dried, UV irradiated wells for one hour.
5. Place wells into PBS for 24 hours to leach out excess PDMS.
6. Can change out PBS solution as desired. Store wells in PBS until ready
for use.
V. Preparation of Wells Prior to Coating
1. Remove wells from PBS soak and rinse three times with filtered
distilled water in a cell culture hood.
2. Test well seals by adding filtered distilled water to each well. If no leak
occurs after 10 minutes, seal should be good. If leakage occurs, set well
aside and remove another well from PBS. Repeat steps 1 and 2.
3. Allow wells to air dry prior to coating.
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Appendix B
Modified Petri Dishes
Items indicated by * * apply to modified Petri dishes for cell containment.
If making modified Petri dishes to contain PDMS wells, ignore * * items.
I. Drill holes
1. Gather supplies: cell culture grade 35 mm polystyrene Petri dishes
(other polystyrene Petri dishes have been observed to crack easily when
drilled), 5/16” hole saw, 3/8” hole saw, 2 C-clamps, face shield, and vice.
Carry these items to the drill press.
2. Place the vice on the drill press table and position it, such that, the petri
dish may be centered with the center of the drill bit.
3. After positioning the vice, clamp the vice to the drill press table on at
least two sides using C-clamps.
4. Insert desired hole saw into the press and tighten.
5. Check the drill press table height to make sure the hole saw will line up
and go through the Petri dish.
6. Base: Place the Petri dish base onto the drill press with the bottom
against the vice. Be sure to use the 5/16” hole saw. This size allows plenty
of area to locate cells within a gridded region while allowing space for the
coverslip to be glued to the Petri dish.
Top: Place the Petri dish into the drill press with the top against the vice.
Be sure to use the 3/8” hole saw. This size allows extra irradiation area in
case the base hole is slightly off center and allows for space to attached the
coverslip to the Petri dish.
7. Put on the face shield.
8. Tighten the Petri dish base in the vice but do not overtighten or it will
crack.
9. Turn on the drill and slowly drill through the Petri dish base.
10. Pull the hole saw through the hole a couple of times to be sure the hole
is complete.
11. Turn off the drill.
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12. Remove the Petri dish.
13. Repeat steps 4-12, as needed. It is a good idea to make about 20 of
these at a time due to the length of the process.
14. When done drilling, return all supplies except for Petri dishes and
clean off drill press using a brush to remove all shards of plastic.
II. Prepare dishes for gluing
1. To debur the Petri dishes, use a countersink and turn three times or until
the hole is smooth.
2. After smoothing the holes, remove plastic fragments using ethanol
wipes.
III. Prepare coverslips for gluing
1. Important: Wear gloves to prevent finger oils from getting on
coverslips.
Remove *18 x 18 mm gridded glass coverslips* and 22 mm diameter plain
glass coverslips from respective cases and place in a large weighboats
with water and detergent. Place the coverslips along the sides of the
weighboat to keep coverslips separated. This reduces the chance of
coverslips sticking together and cracking when separated. Each Petri dish
needs one of each coverslip type. Be sure to wash a couple of extra
coverslips in case one breaks.
2. Individually rub coverslips in the detergent/water solution and rub
coverslips gently between two fingers.
3. Rinse coverslips with distilled water followed by ethanol and allow to
dry standing in an empty weighboat along the side.
IV. Coverslip fixation
1. Important: Before using glue, put on gloves to keep glue off of fingers
and to keep from getting fingerprints on the cleaned coverslips. Place
silicon glue on the botton of the base and the top of the lid (glue is applied
to exterior surfaces of the dishes) and smear evenly using a 16-gauge
needle.
2. *Base: Place a clean gridded coverslip etched side down onto the glue.
To tell which side is etched, look in the corner of the coverslip. The top
left corner of the etched side has a Belco glass symbol. It looks like a B.
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To correctly glue the coverslip, be sure the B is in the top left corner and
flip the glass over to glue. When glued, the Belco symbol should be in the
top right corner.*
Lid: Place a clean 22 mm diameter coverslip onto the glue.
3. Press gently with the back end of the needle against the glass to make
sure the glue makes a good seal.
4. Place petri dishes glue side up onto paper towels and allow them to airdry overnight.
5. After drying, *test seals for bases of dishes by adding 1-2 mL distilled
water to each dish. If after 10 minutes no leak has occurred, the seals
should be good and dishes are ready for cleaning. If a dish leaks, it should
be separated and silicon glue should be applied to edge of coverslip to
repair the seal. Wait at least 12 hours to allow glue to dry before retesting
the seals. *
V. Cleaning and Sterilization
1. Place dishes in detergent and water solution in sonicator. Degas for 5
minutes. Sonicate 15 minutes.
2. Rinse 3 times with distilled water.
3. Refill sonicator tub with distilled water. Degas for 5 minutes. Sonicate
for 10 minutes.
4. Repeat steps 2 and 3 two more times.
5. Rinse 3 times with 100% ethanol.
6. Refill sonicator tub with 70% ethanol. Degas for 5 mintes. Sonicate for
10 minutes.
7. Place sonicator tub into cell culture hood. Remove all dishes and place
on Kim wipes to dry.
8. UV for one hour after drying.
9. Place in sterile PBS until time for use to remove any remaining residue.
10. Change PBS solution as desired.
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VI. Preparation of Wells Prior to Coating
1. Remove dishes from PBS soak and rinse three times with filtered
distilled water in a cell culture hood.
2. *Wipe base exterior dry and retest seals using sterile distilled water. If
no leaks within 10 minutes, seal should be good. If a leak occurs set dish
aside, get a fresh dish, and repeat steps 1 and 2.* Allow dishes to air dry
prior to coating.
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Appendix C
Chick Forebrain Neuron Culturing
I. Premix: L15 + Media
Leibovitz 15 media (L15, Gibco 11415-064)
Glucose (Sigma G8270)
Antibiotic/Antimycotic (Gibco 15240-062)
L15+ Media Preparation
1. Pour 500 mL of L15 media into a 600 mL beaker on a magnetic stirrer
2. Remove 5 mL of L15 media from the beaker and discard
3. Add 5 mL of Antibiotic/Antimycotic to the L15 media and start the
magnetic stirrer
4. Measure out 3g of Glucose and add to L15 media
5. Measure pH and adjust until reading is 7.4
6. Place Beaker in hood and filter into a sterile 500mL bottle with a
0.22µm pore filter
7. Cover bottle with tin foil and place in refrigerator
II. Warm 3 mL FBS, 1.5 mL of 2000 ng/mL NGF, 1 mL Trypsin and L15+Media
in a 37ºC water bath
III. Cover dissection surface with paper towels. Prepare biohazard bag by placing
in a plastic beaker and place 2- 35 mm,1-100mm petri dish, HBSS, 100-1000 uL
pipette tips, 5-300 uL pipette tips, 2 Racks, 2,5, and 25 mL pipettes, 3mL syringe,
22 gauge needle, 50 mL centrifuge tube in the hood
Place one blunt straight forceps, one blunt bent forceps, and two fine forceps into
a 50mL beaker containing 70% ethanol solution.
IV. Cover the bottom of the 35 mm petri dishes with HBSS and place the 35 mm
dishes and the 100 mm dish next to the dissecting microscope
V. Dry off the forceps from the Ethanol solution
VI. Remove Egg from the incubator, spray with ethanol, wipe off, and crack open
the blunt end with the straight forceps over the 100 mm petri dish
VII. Remove chick and place into the 35 mm petri dish with HBSS and remove
the body so only the head remain
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VIII. Position the chick head upright and the dish under the microscope and
remove the brain tissue
IX. Place the brain tissue into the second 35 mm petri dish with HBSS and
remove any excess blood vessels
X. Transfer dish into the laminar hood and remove the brain tissue from the
HBSS with a 100-1000 uL micropipette and place into a 2 mL centrifuge tube
XI. Add 1 mL of 0.1% trypsin to the centrifuge tube and incubate at 37°C with a
5% CO2 atmosphere for 10 min
XII. During incubation prepare the media by mixing 25.5 mL L15 media, 3 mL
FBS, and 1.5 mL NGF(2000 ng/mL)
XIII. After incubation remove excess Trypsin and add two mL of freshly prepared
media
XIV. Triturate the sample ~8 times to create cell suspension
XV. Place 20 uL of cell suspension and 20 uL of Trypan blue into a 1 mL
centrifuge tube, vortex, and count using a hemacytometer
XVI. Place 2 mL of the media into each dish and placed about 200,000 cells into
each dish
XVII. Place dishes in a CO2 independent incubator at 37ºC.
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Appendix D
Comet Protocol Assessment

Lysing
Solution

Lysing Time

Electrophoresis
Buffer

ITRC

Singh 1

Singh 2

Tice

2.5 M NaCl,
100 mM
Na2EDTA,
10mM Tris in
700 mL dH2O
and pH to 10
using HCl or
NaOH
prior to use add
1% Triton X-100
and
10% dimethylsulfoxide
(DMSO) and
refridgerate at
least 30 minutes
before addition to
slides

2.5 M NaCl
100mM EDTA
tetrasodium salt
10 mM Tris base
pH 10
add 1% Triton X100 fresh ice cold
lysing 2: 2.5 M
NaCl, 100 mM
tetra sodium
EDTA, 10 mM
tris ph10
containing 10
µg/mL of RNAse
(only for DNA
double strand
breaks)
step 3: 1 mg/mL
proteinase K

1.25 M NaCl
0.01% sodium Nlauroyl sarcosine
50 mM sodium salt
of EDTA
100
mM Tris-HCl
pH 10
day of add .5mg/mL
preteinase K

2 hrs @ 4C

2 hours, lysing 2:
2 h at 37 C; step
3: 12 hours at 37
C

1 hr at 37 C in the
dark

2.5 M NaCl
100 mM
Na2EDTA 10 mM
Tris pH to 10 add
1% Triton X-100
and 10% DMSO
and refrigerate at
least 30 min. prior
to slide addition
at least 1 hr at 4C,
rinse 3 x with 0.4
M Tris for 5 min
each to remove
detergents and
salts

300 mM NaOH, 1
mM EDTA, 0.2%
DMSO, 0.1%
hydroxyquinoline,
pH >13

(1 L) 900 mL water
100 mg 8
hydroxyquinoline
2 mL tetrasodium
EDTA stock
solution (500 mM)
2 mL DMSO
30 mL NaOH stock
(10 M)
Mix
for 10 minutes in
low light will be
light yellow in color
add dH2O to 1 L

300 mM NaOH
1 mM Na2EDTA
pH > 13

10 M NaOH
200 mM
Na2EDTA for
1X buffer (1L)
add 30 mL NaOH
to 5 mL EDTA to
q.s. 1L dH2O,
pH > 13
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Electrophoresis
buffer time

20 min. @ 4C

Electrophoresis
time

30 min. @ 4C, 24
V, 300 mA .74
V/cm

Electrophoresis
special notes

*doesn't change
buffer, places
cells in buffer,
waits 2 hrs then
starts
electrophoresis

20 minutes
unwinding

Neutralization
Solution

0.4 M Tris
7.5

pH

Neutralization
time

3 times - 5 min
each

12 V, 250 mA,
recirculation (100
mL/ min), 1 hr
*place in
electrophoresis
unit wait 20
minutes, then start
electrophoresis.
Recirculate
solution at 100
mL/ min.
1 M ammonium
acetate in ehtanol
for 15 minutes or
5 mM spermine
(FW 202.3,
Sigma) in 70%
ethanol for 15
min.

15 minutes

20 minutes
12 V, 250 mA for 20
minutes at room
temperature (.4
V/cm)

25 V (.74 V/cm),
300 mA for 10-40
minutes

*place in
electrophoresis unit
wait 20 minutes then
starts
electrophoresis.
Recirculate solution
at 100 mL/min

*place in
electrophoresis
unit wait 20-60
minutes then starts
electrophoresis.

50% ethanol 1
mg/mL spermine
20 mM of Tris HCl
(pH 7.4)
2 times - for 30
minutes at room
temperature

20 minutes

.4 M Tris pH
7.5
3 times - 5 min
each, dropwise
coat slides with
solution
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Appendix E
Comet Protocol (Initial)
I.

Materials
A. Equipment and Supplies
1. Scintillation vials
2. Electrophoresis power unit, rated up to at least 500 mA. Set
voltage to 25 V.
3. Horizontal electrophoresis tank, with platform approximately 20
cm x cm
4. Microscope slides: (plain glass with frosted ends)
5. Fluorescence microscope with 40x objective and filters
appropriate for stain
6.Image-analysis software (optional): Available for free at :
http://www.autocomet.com/main_home.php
http://www.eqpi.net/eqpi/ (for Mac)
http://www.scioncorp.com/frames/fr_download_now.htm (for
windows)
http://www.predictive-toxicology.org/comet/
B. Reagents
1. Disodium EDTA (Na2EDTA) [Fisher 02793-500]
2. Dulbecco’s PBS packets
3. Agarose, electrophoresis grade (resolves DNA and RNA
fragments from 100 bp to >30kb) [Invitrogen 15510]
4. Agarose, low melting point (LMP) (resolves DNA and RNA
fragments >1000bp) [Invitrogen 15517]
5. NaOH
6. HCl
7. Triton X-100
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8. DMSO
9. Tris
10. Trypsin with EDTA (.01%)
11. Chilled distilled water
C. Solutions ( Preprepared)
1. PBS (Ca++, Mg++ free): Dulbecco’s PBS – 1L packet: Add ~990
mL of distilled H2O (dH2O), adjust pH to 7.4, to get 1000mL.
Store at room temperature.
[Note: Make up 0.01 M PBS and 0.005M PBS for later use.
(see sections I.D.3-5]
2. Lysing Solution: (per 1000 mL)
2.5 M NaCl
146.1 g
100 mM Na2EDTA 37.2 g
10 mM Tris
1.2 g
Add ingredients to about 700 mL of dH2O and stir mixture. Add 35
mL of 10 M NaOH first to ensure that Na2EDTA dissolves and
allow mixture to stir until dissolved (approximately 20 min.).
Using HCl or NaOH, pH the mixture to 10.0 as needed to have a
total quantity of 890 mL with dH2O. Store at room temperature.
[Triton X-100 and DMSO will increase the volume to the correct
amount.]
3. Electrophoresis Buffer (300 mM NaOH / 1 mM Na2EDTA):
First create stock solutions:
1. 10 M NaOH (200 g NaOH per 500 mL dH2O)
2. 200 mM Na2EDTA (14.89 g Na2EDTA in 200 mL dH2O,
pH 10)
Store stock solutions at room temperature. It is suggested to
prepare fresh NaOH and EDTA solutions every two weeks.
4. Neutralization Buffer: 0.4M Tris – Add 48.5 g of Tris to 800
mL dH2O. Using 10 M HCl or greater, pH solution to 7.5 to achieve 1000
mL with dH2O. Store mixture at room temperature.
5. Staining Solution: Ethidium Bromide (EtBr; 10X Stock (20
µg/mL): Add 10 mg of 10X stock to 50 mL dH2O. Store at room
temperature. For 1X stock, mix 1mL with 9 mL dH2O.
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CAUTION: EtBr is carcinogenic and mutagenic. Use double
gloves and only under a chemical hood. Separate waste disposal is
required!
D. Solutions (Completed Day of Assay)
1. Final Lysing Solution: Add fresh 1% Triton X-100 and 10%
DMSO. Refridgerate a minimum of 30 minutes prior to adding to
slide.
[Note: DMSO is included in the lysing solution to scavenge
radicals generated by the iron released from hemoglobin from use
of blood or animal tissues. It is not necessary for other situations
(plant cells) or where slides will be kept in lysing solution for a
brief time).
2. Final 1X Electrophoresis Buffer: (make fresh before each
electrophoresis run) To make 1 L, add 30 mL NaOH and 5.0 mL of
Na2EDTA stock solutions from section C to 965 mL of dH2O, mix
well. Total volume depends on the gel box capacity. Measure pH
prior to use to ensure it is > 13.
3. First Agarose Layer: 0.5% normal melting point agarose
(NMA) in .005 M PBS
Heat until nearly boiling and the agarose dissolves.
4. Second Agarose Layer: 1% normal melting agarose (NMA) in
0.01 M PBS
Heat until nearly boiling and the agarose dissolves.
5. Third Agarose Layer (Cell suspension agarose): 1% LMPA in
PBS
Add 500 mg of LMPA per 50 mL 0.01M PBS
Heat until nearly boiling and the agarose dissolves. Aliquot 5 mL
samples into scintillation vials (should be glass) and refrigerate
until needed. When needed, melt agarose using hot plate. Place
agarose vial in a 37ºC water bath to cool and stabilize the
temperature.
OR
Alternate Gel Mixture is to use 50 mg 3:1 High
Resolution Agarose with 10 mL of PBS. Boil 4 times to be sure all
is dissolved. Then apply as otherwise instructed.
II.

Methods
A. Slide Preparation - Part I.
(One day before performing comet assay recommended)
1. Prepare agarose according to I.D.3-5
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2. While NMA is hot, dip slides in 0.5% NMA up to one third the
frosted area and gently remove. Wipe underside of slide to remove
agarose and lay the slide in a try on a flat surface to dry. The slides
can be air dried or warmed at 50ºC to decrease drying time
3. Add a second layer of agarose by placing about 400 µL of 1%
NMA on the slides on top of the first layer of agarose and flatten
with a coverslip.
4. Remove coverslips after the agarose has cooled. Store microgels
overnight in (test at 4ºC and at room temperature). Be sure to label
slides prior to storage.

B. Cell preparation
1. Cultured (monolayer) cells:
Wash cells with PBS and add 0.01% Trypsin with EDTA.
Incubate until cells begin to detach (for neurons check at
about 10 minutes), remove trypsin, and add 1 mL of media.
Transfer cells to microcentrifuge tube and centrifuge at
200g, 3 min, 4ºC.
Remove supernatant, disperse pellet in 1 mL PBS.
Centrifuge again, and remove supernatant using pipettor.
2. Count cells:
Remove 20 µL of cell solution and place into a 500 uL
microcentrifuge tube.
Add 20 µL of Trypan blue.
Count using hemacytometer.
3. Make concentration of cell solution to be about 5x 105 cells/mL.
C. Slide Preparation – Part II.
Dilute cell solution 1:4 in 1% LMPA and hold at 37ºC.
Add about 100 µL of this suspension as a third layer of agarose to
the previously prepared agarose gels.
Flatten these gels with a coverslip and examine under microscope
after 2 minutes to confirm cells fixed inside the agarose.
(At this point they performed their irradiation)
Following experiment, slide was kept on a cool metal surface and
allowed to cool again.
D. Lysis
Following an experiment, gels, covered with the coverslip, were
incubated at 4ºC in lysis solution (See I.D.1.)
Repeat experiment for each slide and place in lysis solution.
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Remove slides one hour after last slide is placed into the lysis
solution.
Gently remove coverslips
Drain slides quickly and incubate for 60 minutes in electrophoresis
buffer at 4ºC
E. Electrophoresis
(Note: Perform under yellow/dimmed light to prevent DNA damage
from fluorescent white light and at about 4°C)
Transfer gels to a precooled electrophoresis tank in cold room.
Place slides side by side on the horizontal gel box near one end,
sliding them as close to each other as possible.
Fill the buffer reservoirs with freshly made pH >13 Electrophoresis
Buffer until the liquid level just covers the slides (avoid bubbles over the
agarose).
Perform electrophoresis at 25 V and adjust the current to 300 mA
by raising or lowering the buffer level for 30 minutes. Note: Remove some
solution to reduce current.
F. Neutralization
(Note: Perform at 4°C)
After turning off power for electrophoresis, gently lift slides out of
the buffer solution and drain.
Can either sit slides in a staining jar for three five-minute washes
with neutralizing solution or dropwise coat the slides with neutralization
buffer and let sit for 5 minutes and drain for 3 coatings.
G. Storage (Optional, depends on analysis time)
If not analyzing slides immediately, keep overnight in a dark moist
chamber before viewing.
OR
Drain slides.
Keep slides for 20 min in cold 100% ethanol for dehydration.
Air dry slides and place in an oven at 50°C for 30 min.
Store slides in a dry area at room temperature.
H. Staining
Add 80µL 1X Ethidium Bromide (I.C.5.) onto each gel and leave
for 5 minutes.
Dip in chilled distilled water to remove excess stain.
Place coverslip over gel and can score slides immediately or store
as in second option in step G.
I. Rehydration
Rehydrate slides with chilled distilled water for 30 min
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If slides have not been stained, stain with EtBr as in Staining
(II.H.) and cover with coverslip.
Before viewing slides, blot excess liquid on back and edges of the
slide.
J. Scoring
Note: Can add 1 mL of agarose to the slide at time of analysis to
reduce background fluorescence. (Olive)
Visualize DNA damage using a 40x objective on a fluorescent
microscope.
Use comet image analysis software to assess quantitative and
qualitative extents of DNA damage by measuring tail length and % of total
fluorescence in head and tail.
(30-100 randomly selected cells may be analyzed per sample.)
Compare the amount of migration per cell, the number of cells
with increased migration, the extent of migration among damaged cells,
and viability.
K. Final Storage
After scoring, remove coverslip.
Rinse slides in 100% alcohol to remove stain.
Allow to dry and store at room temp for archival purposes only.

143

REFERENCES

1.

Odde, D.J. and M.J. Renn, Laser-guided direct writing of living cells.
Biotechnol Bioeng, 2000. 67(3): p. 312-8.

2.

Ashkin, A. and J.M. Dziedzic, Internal cell manipulation using infrared
laser traps. Proc Natl Acad Sci U S A, 1989. 86(20): p. 7914-8.

3.

Leitz, G., et al., Stress response in Caenorhabditis elegans caused by
optical tweezers: wavelength, power, and time dependence. Biophys J,
2002. 82(4): p. 2224-31.

4.

Beckham, J.T., et al., Assessment of cellular response to thermal laser
injury through bioluminescence imaging of heat shock protein 70.
Photochem Photobiol, 2004. 79(1): p. 76-85.

5.

Brinkmann, R., et al., Origin of retinal pigment epithelium cell damage by
pulsed laser irradiance in the nanosecond to microsecond time regimen.
Lasers Surg Med, 2000. 27(5): p. 451-64.

6.

Lapotko, D., Monitoring of apoptosis in intact single cells with
photothermal microscope. Cytometry A, 2004. 58(2): p. 111-9.

7.

Lapotko, D.O. and E.Y. Lukianova, Influence of physiological conditions
on laser damage thresholds for blood, heart, and liver cells. Lasers Surg
Med, 2005. 36(1): p. 13-21.

8.

Lapotko, D.O., E.Y. Lukianova, and A.I. Shnip, Photothermal detection of
laser-induced damage in single intact cells. Lasers Surg Med, 2003. 33(5):
p. 320-9.

9.

Lapotko, D.O. and V.P. Zharov, Spectral evaluation of laser-induced cell
damage with photothermal microscopy. Lasers Surg Med, 2005. 36(1): p.
22-30.

10.

Janda, P., et al., Comparison of thermal tissue effects induced by contact
application of fiber guided laser systems. Lasers Surg Med, 2003. 33(2):
p. 93-101.

11.

Neuman, K.C., et al., Characterization of photodamage to escherichia coli
in optical traps. Biophys J, 1999. 77(5): p. 2856-63.

144

12.

Schneckenburger, H., et al., Cell viability in optical tweezers: high power
red laser diode versus Nd:YAG laser. J Biomed Opt, 2000. 5(1): p. 40-4.

13.

Schneckenburger, H., et al., Laser-assisted optoporation of single cells. J
Biomed Opt, 2002. 7(3): p. 410-6.

14.

Hopp, B., et al., Survival and proliferative ability of various living cell
types after laser-induced forward transfer. Tissue Eng, 2005. 11(11-12):
p. 1817-23.

15.

Schwarz, F., et al., Effects of an Er:YAG laser on mitochondrial activity of
human osteosarcoma-derived osteoblasts in vitro. Lasers Med Sci, 2004.
19(1): p. 37-40.

16.

Date, M., Fukuchi K, Namiki Y, Okumura A, Morita S, Takahashi H,
Ohura K, Therapeutic effect of photodynamic therapy using PAD-S31 and
diode laser on human liver cancer cells. Liver International, 2004(24): p.
142-148.

17.

Miyamoto, Y., Y. Umebayashi, and T. Nishisaka, Comparison of
phototoxicity mechanism between pulsed and continuous wave irradiation
in photodynamic therapy. J Photochem Photobiol B, 1999. 53(1-3): p. 539.

18.

Townes-Anderson, E., et al., Micromanipulation of retinal neurons by
optical tweezers. Mol Vis, 1998. 4: p. 12.

19.

Darling, R.B. EE-527 Microfabrication: Photolithography. [cited 2005
04/18]; Available from:
http://www.ee.washington.edu/research/microtech/cam/PROCESSES/PDF
%20FILES/Photolithography.pdf.

20.

Photolithography. [cited 2005 04/14]; Available from:
http://www.ece.gatech.edu/research/labs/vc/theory/photolith.html.

21.

Inkjet.com, Inkjet Technology. 2002.

22.

Pardo, L., W. Chris WIlson, Thomas Boland, Characterization of
Patterned Self-Assembled Monolayers and Protein Arrays Generated by
the Ink-Jet Method. Langmuir, 2003. 19: p. 1462-1466.

23.

Roth, E.A., et al., Inkjet printing for high-throughput cell patterning.
Biomaterials, 2004. 25(17): p. 3707-15.

145
24.

Xu, T., et al., Inkjet printing of viable mammalian cells. Biomaterials,
2005. 26(1): p. 93-9.

25.

Xu, T., et al., Viability and electrophysiology of neural cell structures
generated by the inkjet printing method. Biomaterials, 2006. 27(19): p.
3580-8.

26.

Hunt, T.P. and R.M. Westervelt, Dielectrophoresis tweezers for single cell
manipulation. Biomed Microdevices, 2006. 8(3): p. 227-30.
Ashkin, A., J. M. Dziedzic, J. E. Bjorkholm, and Steven Chu, Observation
of a single-beam gradient force optical trap for dielectric particles.
OPTICS LETTERS, 1986. 11(5): p. 288-290.

27.

28.

Ashkin, A. and J.M. Dziedzic, Optical trapping and manipulation of
viruses and bacteria. Science, 1987. 235(4795): p. 1517-20.

29.

Ashkin, A., Optical trapping and manipulation of neutral particles using
lasers. Proc Natl Acad Sci U S A, 1997. 94(10): p. 4853-60.

30.

Buican, T.N., Miriam J. Smyth, Harry A. Crissman, Gary C. Salzman,
Carleton C. Stewart, and John C. Martin Automated single-cell
manipulation and sorting by light trapping. Applied Optics, 1987. 26(24):
p. 5311-5316.

31.

Odde, D.J. and M.J. Renn, Laser-guided direct writing for applications in
biotechnology. Trends Biotechnol, 1999. 17(10): p. 385-9.

32.

Block, S.M., Optical Tweezers: A New Tool for Biophysics, in
Noninvasive Techniques in Cell Biology, J.K. Foskett, Sergio Grinstein,
Editor. 1990, Wiley-Liss: New York. p. 375-402.

33.

Liu, Y., G.J. Sonek, M.W. Berns, and B.J. Tromberg, Physiological
Monitoring of Optically Trapped Cells: Assessing the Effects of
Confinement by 1064-nm Laser Tweezers using Microfluorometry.
Biophysical Journal, 1996. 71: p. 2158-2167.

34.

Liang, H., et al., Giant cell formation in cells exposed to 740 nm and 760
nm optical traps. Lasers Surg Med, 1997. 21(2): p. 159-65.

35.

Mohanty, S.K., et al., Comet assay measurements of DNA damage in cells
by laser microbeams and trapping beams with wavelengths spanning a
range of 308 nm to 1064 nm. Radiat Res, 2002. 157(4): p. 378-85.

36.

Armstrong, D.W. and L. He, Determination of cell viability in single or
mixed samples using capillary electrophoresis laser-induced fluorescence
microfluidic systems. Anal Chem, 2001. 73(19): p. 4551-7.

146

37.

Verdaguer, E., et al., Evaluation of neuronal cell death by laser scanning
cytometry. Brain Res Brain Res Protoc, 2002. 9(1): p. 41-8.

38.

Mueller, H., M.U. Kassack, and M. Wiese, Comparison of the usefulness
of the MTT, ATP, and calcein assays to predict the potency of cytotoxic
agents in various human cancer cell lines. J Biomol Screen, 2004. 9(6): p.
506-15.

39.

Pedersen, G., et al., A simple method to establish short-term cultures of
normal human colonic epithelial cells from endoscopic biopsy specimens.
Comparison of isolation methods, assessment of viability and metabolic
activity. Scand J Gastroenterol, 2000. 35(7): p. 772-80.

40.

van Engeland, M., et al., Annexin V-affinity assay: a review on an
apoptosis detection system based on phosphatidylserine exposure.
Cytometry, 1998. 31(1): p. 1-9.

41.

Fautz, R., B. Husein, and C. Hechenberger, Application of the neutral red
assay (NR assay) to monolayer cultures of primary hepatocytes: rapid
colorimetric viability determination for the unscheduled DNA synthesis
test (UDS). Mutat Res, 1991. 253(2): p. 173-9.

42.

Weston, S.A. and C.R. Parish, New fluorescent dyes for lymphocyte
migration studies. Analysis by flow cytometry and fluorescence
microscopy. J Immunol Methods, 1990. 133(1): p. 87-97.

43.

Bischof, J.C., et al., Dynamics of cell membrane permeability changes at
supraphysiological temperatures. Biophys J, 1995. 68(6): p. 2608-14.

44.

Papadopoulos, N.G., et al., An improved fluorescence assay for the
determination of lymphocyte-mediated cytotoxicity using flow cytometry. J
Immunol Methods, 1994. 177(1-2): p. 101-11.

45.

Poole, C.A., N.H. Brookes, and G.M. Clover, Keratocyte networks
visualised in the living cornea using vital dyes. J Cell Sci, 1993. 106 ( Pt
2): p. 685-91.

46.

Vaughan, P.J., et al., Thrombin receptor activation protects neurons and
astrocytes from cell death produced by environmental insults. J Neurosci,
1995. 15(7 Pt 2): p. 5389-401.

47.

Crouch, S.P., et al., The use of ATP bioluminescence as a measure of cell
proliferation and cytotoxicity. J Immunol Methods, 1993. 160(1): p. 81-8.

147
48.

Strehler, B.L., Bioluminescence assay: principles and practice. Methods
Biochem Anal, 1968. 16: p. 99-181.

49.

Lemasters, J.J., Hackenbrock, Charles R Firefly Luciferease Assay for
ATP Production by Mitochondria. Methods in Enzymology, 1978. 57(3):
p. 36-50.

50.

Lundin, A., Use of firefly luciferase in ATP-related assays of biomass,
enzymes, and metabolites. Methods Enzymol, 2000. 305: p. 346-70.

51.

Nair, R. and C. Shaha, Diethylstilbestrol induces rat spermatogenic cell
apoptosis in vivo through increased expression of spermatogenic cell
Fas/FasL system. J Biol Chem, 2003. 278(8): p. 6470-81.
Mosmann, T., Rapid colorimetric assay for cellular growth and survival:
application to proliferation and cytotoxicity assays. J Immunol Methods,
1983. 65(1-2): p. 55-63.

52.

53.

Liu, Y., et al., Mechanism of cellular 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide (MTT) reduction. J Neurochem, 1997. 69(2):
p. 581-93.

54.

Vistica, D.T., et al., Tetrazolium-based assays for cellular viability: a
critical examination of selected parameters affecting formazan
production. Cancer Res, 1991. 51(10): p. 2515-20.

55.

Olive, P.L., DNA damage and repair in individual cells: applications of
the comet assay in radiobiology. Int J Radiat Biol, 1999. 75(4): p. 395405.

56.

Tice, R.R., et al., Single cell gel/comet assay: guidelines for in vitro and in
vivo genetic toxicology testing. Environ Mol Mutagen, 2000. 35(3): p.
206-21.

57.

Fairbairn, D.W., P.L. Olive, and K.L. O'Neill, The comet assay: a
comprehensive review. Mutat Res, 1995. 339(1): p. 37-59.

58.

Collins, A.R., The comet assay for DNA damage and repair: principles,
applications, and limitations. Mol Biotechnol, 2004. 26(3): p. 249-61.

59.

Freedman, J.H., et al., The novel metallothionein genes of Caenorhabditis
elegans. Structural organization and inducible, cell-specific expression. J
Biol Chem, 1993. 268(4): p. 2554-64.

60.

Janda, P., et al., Comparison of laser induced effects on hyperplastic
inferior nasal turbinates by means of scanning electron microscopy.
Lasers Surg Med, 2002. 30(1): p. 31-9.

148

61.

Darzynkiewicz, Z., et al., Laser-scanning cytometry: A new
instrumentation with many applications. Exp Cell Res, 1999. 249(1): p. 112.

62.

Cremer, T., et al., Giant cell formation produced by laser microbeam
irradiation of chromatin in Chinese hamster cells. Exp Cell Res, 1981.
134(1): p. 49-63.

63.

Vorobjev, I.A., et al., Optical trapping for chromosome manipulation: a
wavelength dependence of induced chromosome bridges. Biophys J, 1993.
64(2): p. 533-8.

64.

Puck, T.T., S.J. Cieciura, and A. Robinson, Genetics of somatic
mammalian cells. III. Long-term cultivation of euploid cells from human
and animal subjects. J Exp Med, 1958. 108(6): p. 945-56.
Mandell, J.W., P.R. MacLeish, and E. Townes-Anderson, Process
outgrowth and synaptic varicosity formation by adult photoreceptors in
vitro. J Neurosci, 1993. 13(8): p. 3533-48.

65.

66.

Block, S.M., J.E. Segall, and H.C. Berg, Impulse responses in bacterial
chemotaxis. Cell, 1982. 31(1): p. 215-26.

67.

Manson, M.D., P.M. Tedesco, and H.C. Berg, Energetics of flagellar
rotation in bacteria. J Mol Biol, 1980. 138(3): p. 541-61.

68.

Hole, J.W., David Shier, Ricki Lewis, Jackie Butler, Hole's Human
Anatomy and Physiology. 9th ed. 2002: McGraw Hill College. 1094.

69.

Geter, D.R., et al., Analysis of in vivo and in vitro DNA strand breaks from
trihalomethane exposure. J Carcinog, 2004. 3(1): p. 2.

70.

Gould, K.A., C. Nixon, and M.J. Tilby, p53 elevation in relation to levels
and cytotoxicity of mono- and bifunctional melphalan-DNA adducts. Mol
Pharmacol, 2004. 66(5): p. 1301-9.

71.

Ciaccio, P.J., et al., Investigation of the positive response of ethyl acrylate
in the mouse lymphoma genotoxicity assay. Toxicol Sci, 1998. 46(2): p.
324-32.

72.

Storer, R.D., et al., Revalidation of the in vitro alkaline elution/rat
hepatocyte assay for DNA damage: improved criteria for assessment of
cytotoxicity and genotoxicity and results for 81 compounds. Mutat Res,
1996. 368(2): p. 59-101.

149
73.

Galhardo, R.S., et al., Repair of DNA lesions induced by hydrogen
peroxide in the presence of iron chelators in Escherichia coli:
participation of endonuclease IV and Fpg. J Bacteriol, 2000. 182(7): p.
1964-8.

74.

Moore, C.W., et al., DNA damage-inducible and RAD52-independent
repair of DNA double-strand breaks in Saccharomyces cerevisiae.
Genetics, 2000. 154(3): p. 1085-99.

75.

McKelvey-Martin, V.J., et al., The single cell gel electrophoresis assay
(comet assay): a European review. Mutat Res, 1993. 288(1): p. 47-63.

76.

Olive, P.L., et al., Analysis of DNA damage in individual cells. Methods
Cell Biol, 2001. 64: p. 235-49.

77.

Cook, P.R., I.A. Brazell, and E. Jost, Characterization of nuclear
structures containing superhelical DNA. J Cell Sci, 1976. 22(2): p. 30324.

78.

Olive, P.L., D. Wlodek, and J.P. Banath, DNA double-strand breaks
measured in individual cells subjected to gel electrophoresis. Cancer Res,
1991. 51(17): p. 4671-6.

79.

Tice, R., Marie Vasquez (1999) Protocol for the application of the pH>13
alkaline singel cell gel (SCG) assay to the detection of DNA damage in
mammalian cells. Volume, 8

80.

Dhawan, A., Mahima Bajpayee, Alok Kumar Pandey, Devendra Parmar.
ITRC: Protocol for the single cell gel electrophoresis/comet assay for
rapid genotoxicity assessment. [cited 2006; Available from:
www.comet.itrcindia.org/Protocol%20for%20Comet%20Assay.PDF.

81.

Rojas, E., M.C. Lopez, and M. Valverde, Single cell gel electrophoresis
assay: methodology and applications. J Chromatogr B Biomed Sci Appl,
1999. 722(1-2): p. 225-54.

82.

Wikipedia. Buffy Coat. [cited; Available from:
http://en.wikipedia.org/wiki/Buffy_coat.

83.

Singh, N.P., Microgels for estimation of DNA strand breaks, DNA protein
crosslinks and apoptosis. Mutat Res, 2000. 455(1-2): p. 111-27.

84.

Wright, W.D., et al., Cytometric methods to analyze ionizing-radiation
effects. Methods Cell Biol, 2001. 64: p. 251-68.

150
85.

Trevigen. CometAssay:Reagent Kit for Single Cell Gel Electrophoresis
Assay. 2002 [cited 2006; Available from:
http://www.trevigen.com/Protocols/4250-050-K.pdf.

86.

McNamee, J., Pascale Bellier, Protocol for the Alkaline Comet Assay on
GelBond film, Radiation Protection Bureau, Health Canada: Ottawa. p. 3.

87.

Singh, N.P., et al., White light-mediated DNA strand breaks in lens
epithelial cells. Exp Eye Res, 2002. 75(5): p. 555-60.

88.

Singh, N.P., et al., A simple technique for quantitation of low levels of
DNA damage in individual cells. Exp Cell Res, 1988. 175(1): p. 184-91.

89.

Olive, P.L., et al., Factors influencing DNA migration from individual
cells subjected to gel electrophoresis. Exp Cell Res, 1992. 198(2): p. 25967.

90.

Centre, I.T.R. COMET Assay Forum. [cited; Available from:
www.cometassayindia.org/comet%20links.htm.

91.

Morgan, J.R., Ona Bloom, Cells of the Nervous System. 2006,
Philadelphia: Chelsea House Publishers.

92.

Goldner, J.S., et al., Neurite bridging across micropatterned grooves.
Biomaterials, 2006. 27(3): p. 460-72.

93.

Heidemann, S.R., et al., The culture of chick forebrain neurons. Methods
Cell Biol, 2003. 71: p. 51-65.

94.

Bailey, N.T.J., Statistical methods in biology. 1968, London: English
Universities Press. 200.

95.

AutoComet. AutoComet Software. [cited; Available from:
www.autocomet.com/cometassay.php.

96.

Amat, A., Josepa Rigau, Ronald W. Waynant, Ilko K. Ilev, Juanita J.
Anders, The electric field induced by light can explain cellular responses
to electromagnetic energy: A hypothesis of mechanism. Journal of
Photochemistry and Photobiology B: Biology, 2005. 82: p. 152-160.

97.

Stevenson, D.J., T. K. Lake, B. Agate, V. Garcés-Chávez, K. Dholakia,
and F. Gunn-Moore, Optically guided neuronal growth at near infra-red
wavelengths. Optics Express, 2006. 14(21): p. 9786-9794.

151
98.

Ehrlicher, A., T. Betz, B. Stuhrmann, D. Koch, V. Milner, M.G. Raizen,
and J. Käss, Guiding neuronal growth with light. Proceedings of the
National Academy of Sciences of the United States of America, 2002(99):
p. 16024-16028.

